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NickeUSteel; A Synopsis of Experiment and Opinion. 

BY DAVm H. BROWNE, CLEVELAND, OHIO. 

(CalllUmia Ueetlng, September, 1S99.) 

Introduction. 

The trite saying that man is a tool-using animal might now- 
B-days be amended by saying that man is a tool-choosing animal. 
The chipped flint, at first all-snfficient, gave way to hammered 
bronze, and that, in turn, to wrought-iroiJ and steel. As our 
knowledge of metals increases, we learn to specialize ; we tem- 
per and anneal; we alloy and intermix; and we fashion for 
ourselves a metal suitable to our necessities. The knowledge 
of the properties and uses of the various metals and their alloys 
has become the capital of every constructive engineer, and the 
currency of every intelligent brass-founder and blacksmith. 
From year to year, the specifications of the designer become 
more rigid, and the. steel-maker is forced to study more closely 
the qualities obtainable by changing the treatment, or altering 
the composition, of his metal. 

Of making alloys there is no end. "We have heard much, 
during the last decade, of manganese-steel and chrome-steel, 
of aluminum and tungsten, of titanium- and silicon- and cop- 
per-steels, and of every conceivable union into which steel 
could be coerced or cajoled. Without denying to each of these 
alloys novel and valuable properties, it must be admitted that, 
of all alloys, the one which shows the greatest range of adapt- 
ability, and has met the largest measure of popular approval, is 
nickel-steel. Introduced to public notice by Mr. Eiley, in 1889, 
its field of usefulness has been rapidly enlarged, until, at the 
present day, the use of nickel-steel is as thoroughly recognized 
as that of carbon- or manganese-steel. 

Concerning the properties of nickel-steel numerous articles 

_ have appeared in the technical journals. For the man in a 

hurry, who wishes to look up the properties and limitations of 

■ nickel-steel, these articles might almost as well be in the lost 

I 
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2 nickel-steel; a synopsis of experiment and opinion. 

library of Alexandria. The purpose of this paper is to present 
in systematic form a summary of the best that has been written 
upon this subject. Some hitherto unpublished data have been 
secured ; the opinions of manufacturers and users have been 
collected ; and the various uses to which nickel-steel is applied 
have been investigated and recorded. 

My thanks are due to Mr. E. F. "Wood, of The Carnegie 
Steel Co. ; Mr. H. F. J. Porter, of The Bethlehem Steel Co. ; 
Mr. G. H. Chase, of The Midvale Steel Co.; Mr. Henry 
Souther, of The Pope Manufacturing Co. ; Mr. H. J. "Williams, 
of the Damascus Tool Co. ; and Mr, H. K. Landie, of New 
York, for procuring new data, and for kindly aid in obtaining 
comparative tests. It is hoped that the material thus collated 
may prove interesting and useful to all who are in anyway con- 
cerned with the manufacture and use of steel. 

Physical Qualities of Nickel. 

The three metals, iron, manganese and nickel, form a group 
having remarkably similar physical and chemical qualities. In 
specific weight, atomic weight, atomic volume, melting-point 
and color, these metals have a close family resemblance. 
While an examination of any one of these reveals no remark- 
■'■■able physical superiority over the others, the fact remains that 
each seems to exercise, in an alloy, a beneficial effect upon the 
other two.. The addition of small amounts of these metals to 
one another produces alloys much superior in physical qualities 
to the pure metals. Manganese increases the strength of pure 
nickel ; and both manganese and nickel greatly increase the 
strength of pure iron. 

The most careful investigations yet made upon the alloys of 
nickel and iron are those of the committee appointed in 1891 
by the Berlin " Society for the Encouragement of Technical In- 
dustry." The reports of this committee, compiled by Pro- 
fessors Wedding and Eudeloff, and published from time to time 
in the Verhandluvgen des Verdns zur Befiyrdenmg des Gewerb- 
Jkisses, will form, when completed, a systematic record of the 
properties of the alloys of nickel and iron. As these papers 
have not yet been translated into English, and as the original 
reports are not easily accessible in the United States, I have 
given, in the following pages, very full excerpts from them. 
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For these investigations, Professor Rudeloff procured sam- 
ples of the beat commercial nickel and of iron almost free from 
carbon and other impurities. These metals were cast into bars, 
rolled into rods and straps, and tested in the raw condition, and 
also after hammering and annealing. A series of alloys of 
nickel with pure iron was then made ; and a complete series of 
tests was instituted, to show the effect of nifljjel in amounts 
varying from zero to 98 per cent. The commercially pure 
nickel test-bars, after melting and casting, were found by anal- 
ysis to contain : 



Nickel, 
Cobalt, . 

Silicon, 
Magnesiuut . 



The physical properties of this pure nickel in the bar as cast 
and after rolling into flat bars were as follows : 



Table J.— Physical Properties of Nickd Bars. 






Umltof 




Ultlin«le 
strength. 


Ml 


UcHj. 


■sr 

Percent. 




6,119 
9,243 
17,0«4 


12,567 

21,04-5 
18,059 
16,921 


40,669 
72,522 

72,806 
71,860 


38 
29 

25 
24 


23,989,140 

29,506,500 
26,870,800 


18.2 
4S.9 

46.0 






S t Quenched . 









For purposes of comparison, the physical properties of the 
pure iron (containing 0.07 per cent, carbon) used for the prepa- 
ration of the nickel-iron alloys, are here given : 



Table II. — Physical Properties of Iron Bars. 




Pore Iron. 


Limit of 

tloMlity. 
Lta. per 
Sq. fn. 


Elastic 
Limit. 


Ultimate 

Strength. 


Prop'rtfon 
Elutic to 


UodDlus 
ofElas. 
ticlty. 


Elonga- 




8,632 
20,761 
21,756 

9,100 


20,761 
31,568 
32,848 
48,774 


46,072 

60,196 
44,793 
69,962 


46 
63 
73 

70 


32,030,660 

28,795,600 
29,151,C00 
31,668,400 


36.8 
42.3 

49.8 


-8 fRaw. * 
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Hadfield, in his recent paper on nickel-iron alloys,* gives the 
following tests of nickel : 



Table. in..—Cast and Forged Nickel (98. 


i Per Cent. Nickel). 


Tent-Bar. 


LlH.p«t 

841. Ul 


T>a>l1« 
Sttengtb. 


Per ceol. 


Contr. of 


Fractnpe. 




24,640 
31,860 

16,680 


36,400 
72,128 

70,000 


4.6 
45.6 
M. 


9.76 
67.04 
52.fi 


Granular. 
Fibrous, silky. 
FibrouH, silkj. 


Forged, unaonealed 





The physical tests of metallic nickel furnish no explanation 
of its remarkahle effects when alloyed with iron. Nickel has 
a specific weight of 8.3 to 8.9; its atomic weight is 58.6, and 
its atomic volume 6.60. It melts at about the same tempera- 
ture aa steel, its melting-point depending on the amount of car- 
bon present. The specific heat of nickel is about 0.108 to 
0.110. Nickel is slightly stronger than pure iron, somewhat 
harder, and much less easily oxidized by moisture and steam. 
It can be heated to redness without perceptible oxidation, is 
slowly soluble in hydrochloric and sulphuric acid, and is 
readily soluble in dilute, but remains passive in concentrated, 
nitric acid. 

Nickel can retain carbon, both as graphite and aa amorphous 
carbon ; it can absorb silicon, and will alloy in any proportion 
with iron. It absorbs oxygen when melted, and requires the 
addition, when molten, of about 0.1 per cent, of magnesiuin, in 
order to form a sound casting. 

Alloyed with iron and steel, nickel produces a remarkable 
series of metals, the physical qualities of which will be taken 
up in systematic order. 

II. — Physical Qualities of Nickel-Steel. 



Nickel-steel is most emphatically distinguished from simple 
steel by its high elastic strength. "WTiile this factor is, to a 
certain extent, shown by the test for elastic limit, it must 

* "Alloya of Iron and Nickel," IVmu. IneL Civil Engn., London, vol. 
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not be confounded therewith. The strength of a man may be 
measured in three ways. We may first determine the actual 
load which his body, rigidly suspended, could suatain without 
actual rupture. This load would correspond to the ultimate 
tensile strength of steel. Secondly, we may determine the 
actual load which, with the utmost bodily exertion, he can sus- 
tain for a few seconds. This would correspond to the elastic 
limit of steel as usually tested bj " drop of beam." Thirdly, 
and with entire justice, we may determine the amount of work 
which he can daily and regularly perform without undue fa- 
tigue and with no injurious strain to any bodily organ. This 
is properly compared to the elastae or live strength of steel, as 
measured by the French "limit of proportionality," or by the 
resistance of the bar to numerous and rapidly alternating strains. 
It is a well-known fact that rupture may be produced hy nu- 
merous applications of a load below the elastic limit of the 
metal ; and such an occurrence in the case of shafts and axles 
is vaguely ascribed to the " fatigue of metals " in eervice. This 
term conveys a larger scientific truth than is generally appre- 
ciated ; and in some testing-works it is customary to measure 
more or less empirically the endurance of metals with regard 
to what may be termed molecular fatigue. K steel were a 
homogeneous metal, every applied load, less than the elastic 
limit, should produce a deformation proportionate to the load ; 
and upon the removal of the load the test-piece should regain 
its original dimensions. If, for example, on a steel rod under 
tension, a load of 1000 pounds produces a stretch of one thou- 
sandth of an inch, then 2000 pountk should produce double 
this stretch ; and 4000 pounds should cause four times the de- 
formation produced by 1000. If we find that by successive 
increments of 1000-pound loads we get regularly increasing 
stretch, proportioned to the load, up to 10,000 pounds, but that 
a load of 11,000 pounds produces twelve-thousandths of an inch 
stretch, it is evident that, at 10,000 pounds' load, the ratio 
between strain and stretch changes. This point is called by 
the French and German investigators the " limit of proportion- 
ality." It 18 far below the elastic limit of the test-piece. In 
the ease we have outlined, the load might be increased to 
20,000 pounds before a permanent set would be produced ; but 
it is very evident that the elastie strength of a metal is more ac- 
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eurately measured by the limit of proportionality, where a 
molecular fatigue begins, than by the commonly known " elastic 
limit," where an actual molecular distortion takes place. 

The addition of nickel to iron and steel increases the ultimate 
strength, and, to a higher degree, the elastic limit; while its 
greatest influence is shown on the limit of proportioofllity. 
Some exceedingly interesting experiments conducted by Prof. 
Eudeloif,* in Berlin, on the alloys of varying amounts of nickel 
■with almost chemically pure iron, bring out this feature very 
strikingly. 

Table IV. — ElasUc Strength of Iron-Nickel AUoys. 

Limit or propOT. 
Iron containing tlonallcr. 

Nickel. Pounds per 



10,238 

14,504 
22,894 
23,605 
27,871 
32,421 



22,752 



An alloy of 8 per cent, of nickel with pure i 
times the elastic strength of pure iron. "With higher percent- 
age of nickel the limit of proportionality decreases, the greatest 
effect being shown at 8 per cent. The effect of nickel on the 
elasticity is not changed by the presence of carbon ; and for 
this reason nickel-steel shows, as Mr. Davenport says, " that 
combination of high elastic strength and toughness " which 
distinguishes it from simple steel. t 

At the Bethlehem Steel Works, in Bethlehem, Pa., and at 
the Pope Tube Works, in Hartford, Conn,, it is customary to 
measure the elastic strength of metals by their resistance to 
numerous and rapidly alternating flexures. The apparatus 
consists of an ordinary lathe, with a ball-and-socket chuck, 
into which one end of the test-piece is fastened, while the other 
end is supported by a collar in the tail-stock. A roller-bearing 

* Ferein mr Befordenmg det Oeaerh/leuMs, Berlin, February, l)i96. 
t " Steel for Marine Foigings," Qiaier'a Magatins, August, 1897. 
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ring eneirelea the test-piece at its center, and from this depends 
an adjustable weight, 

" Assume," says Mr. Souther, " that in all cases the specimens 
are annealed, and by ' annealed ' I mean treated at the best 
annealing-temperature for each grade of steel. Take a 0.10 
per cent, carbon-steel as a basis, loaded say to two-thirds its 
elastic limit, maximum fiber-stress; assuming that this, under 
these circumstances, will withstand 100,000 revolutions, then 
a 0.25 carbon-steel will stand somewhere in the neighborhood 
of 200,000 ; a 0.50 carbon = about 400,000 ; and nickel-steel 
(0.25 carbon, 5 nickel) in the neighborhood of 1,000,000 revo- 
lutions."* 

In these tests the live strength or working-life of the metal 
is shown, and a very close estimate can be made of the value of 
a metal under normal conditions of work. 

Elastic lAmit and Ultimate Strength. 

The elastic limit and tensile strength of steel are so much 
influenced by the percentage of carbon present, and by the me- 
chanical or heatrtreatment to which the metal has been sub- 
jected, that it is of the utmost importance to secure for com- 
parison testpieces in which all modifying conditions, except 
the percentage of nickel, are identical. 

The most complete testa made up to the present time are those 
of Rudeloff, on almost carbon-free nickel-alloys; and of Hadfield 
on nickel-steels of very low and almost uniform carbon-contents. 

Table V. — Sti-ength of MckeUIron Alloys. — (Rudeloff.) 



IroD Containing 
Per cent. 


ElaiU 
Lbs. per Sq. In. 


Limit. 

Compared with 
Iniu as Standard. 


Tendle 
Lbs. per Sq. In. 


tMJ«th. 

Iron aa Btandud. 





20,761 


100 


46,072 


100 


1 










2 


28,724 


137 


62,614 


114 


3 


34,128 


184 


67.733 


125 




38,251 


184 


57,733 


125 


5 


46,215 


222 


63,421 


137 


6 


62,852 


303 


79,916 


173 



Mr. Hadfield's experiments on steels containing very low 
* Mr. Hear; Souther, Engineer Pope Tube Co., private comuuDicstioiL 
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carbon (0,15 to 0.20), with different amounte of nickel, show 
the following reenlts :* 

Table Yl— Annealed Test-Bars {Cast). 



Nickel. 


Elftrtlo Limit. 


TeiiBlle StreoRth. 
Lbs. per Sq. In. 


EtonKHtion 


Contraction. 




Lbs. pel 8q. In. 


Per cent. ' 


Per cent. 


0.27 


44,800 


62,720 


37 


52 


0.51 


47,040 


60,480 


41 


63 


0.96 


44,800 


60,480 


41 


63 


1.92 


49,280 


69,440 


36 


63 


3.82 


56,000 


73,920 


35 


65 


5.81 


62,720 


82,880 


33 


5L 


7.65 


67,2(10 


100,800 


26 


41 


9.61 


71,680 


126,440 


2 


2 


11.39 


100,800 


199,360 


12 


26 


l.S,4d 




152,320 
194,880 




1 


19.64 


i"o6,'8ob 


5 


4 


24. .51 


66,000 


174,720 


14 


8 


29.07 


35,840 


82,880 


48 


61 


49.66 


33,600 


80,640 


49 


53 



According to the experiments of Rudeloff, the addition (up 
to 5 per cent.) of nickel to pure iron produces for each 1 per 
cent, of nickel added a gain of 5090 pounds in the elastic limit, 
and a gain of 8469 pounds in the ultimate strength. Ham- 
mered test-bars of the same material, show a gain of 5403 
pounds elastic, and 5175 pounds ultimate strength for each 1 
per cent, of nickel added. Fig. 1 represents the approximate 
curve of increase in elastic limit due to 1 per cent, of nickel 
added to steel of different carbon-contents. 

If nickel be added to the sott steels, it raises the elastic limit 
and the ultimate strength in much the same proportion as in 
pure iron. Carbon does not therefore prevent the influence of 
nickel; but, as will be explained later, nickel has a very 
marked effect upon the carbon present. 

The proportion of nickel commonly used in soft steels for 
armor and for engine-forgings is from S to 3.5 per cent. This 
percentage of nickel, alloyed with an open-hearth steel of 0.25 
per cent, carbon, produces a metal equal in elastic limit and 
tensile strength to a similar open-hearth steel of 0.45 carbon 
without nickel. In other words, 3 per cent, of nickel, added 
to a soft steel, has the same effect on the strength as the intro- 

* " AllnTBof Iron and Nickel," Trans. InsL Civil Engn., Loudon, vol. cxxxvliL, 
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daction of 0.20 per cent, of carbon would have, while the duc- 
tility remains at the figure uauallj' found in the lower-carbon 
steel. Protective deck-steel of 0.46 carbon and no nickel will 
have a tensile strength of 90,000 pounds, with 15 per cent, 
in four diameters: while a 0.25-carbon steel, with 
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3 per cent, of nickel, will have the same tensile strength of 
90,000 pounds, with 20 per cent, of elongation, in four diam- 
eters.* 

On all the low-carbon steels the addition of nickel seems to 
produce remarkably uniform results. A flange-steel (0,10 ear- 

• Mr. E F. Wood, Carnegie Steel "Works. Private connaunkatioa. 
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27,552 


63,168 


43,OOS 
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bon and no nickel), rolled into eheets, gave 3d,!243 pounds elastic 
and 64,450 pounda ultimate Btrength. The addition of 2,7 per 
cent, of nickel brought these figures up to 47,080 and 65,750 
pounda respectively.* This shows a gain of 4384 pounds on 
elastic limit and 3814 pounds on ultimate strength for each 1 
per cent, of nickel added. 

Steel tubing (of 0.25 carbon and no nickel) baa very closely 
40,000 pounds elastic limit and 70,000 pounds ultimate strength. 
The addition of 5 per cent, of nickel raises the elastic limit to 
60,000 and the ultimate to 95,000 pounds per square inch — 
the gain for each 1 per cent, of nickel added being 4000 
pounds on the elastic and 5000 pounds on the ultimate 
fltrength-t 

Rolled steel, of 0.14 carbon, tested by Mr. Allan, of Glasgow, 
showed the following eompariaou with nickel-steel: 

Carbon. Nickel. 

Per cent Per cent. 

0.14 none 

0.14 3 

The gain was 5485 pounds on the elastic limit and 3509 
pounds on the ultimate strength for each 1 per cent, of nickel 
added. J 

On homogeneous irons and low-carbon st«els, not subjected 
to heat-treatment, it appears that each 1 per cent, of nickel 
added, up to 5 per cent., causes an increase of about 5000 
pounds elastic limit and 4000 pounds tensile strength. 

With higher percentages of carbon, the influence of nickel 
is divided between its action per se, producing a gain in tough- 
ness and strength, and its action on the carbon present, modi- 
fying to a certain extent the original influence of nickel. 

High percentages of nickel tend to throw any carbon in the 
alloy into the graphite state. A 30 per cent, nickel-steel, con- 
taining 1 per cent, of carbon, will have 0,80 carbon in the 
shape of graphite. § A 25 per cent, nickel-eteel retains carbon 

* Canndian Copper Co.'b experiments. 

f Hr. Henrj Sonther, Engr. o( Tests, Fop« Mfg. Co. Private communitia- 

X Beardmore, " Nicke].Steel, an Improved Material," ejc 

J Budeloff, Verein t\ar B^ordenaig des Qemerb^i»»f», Hett L, p. 83, 
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in a Btate in which the metal is not influenced by tempering.* 
Carbon existing in pare nickel is almost entirely in the graph- 
itic condition ; and high percentages of nickel tend to throw 
the carbon into this state. "With lower percentages of nickel, 
the effect is to change part of the carbon from cement-carbon 
to harden ing-carb on, thereby rendering the metal exceedingly 
sensitive to heat-treatment-f 

The Bethlehem Steel Company gives the following table of 
comparative tests of nickel steels and simple steels on oil-tem- 
pered, annealed forgings :X 



Table VII.. 



—Comparative Tests of NkkdrSteel and Simple 
Steel 2 



Compwltion of Forcings. 




Si 

Sq.C. 


Elonga- 
Per cent. 


Contnc- 
clon or 
Area. 
Percent. 




28,000 

48,000 

+20,000 

+ 5,714 


65,000 
85,000 

+30,000 
+8,671 


34 
26 

— 8 


60 
56 

— 5 


3.5 per cent, nickel, 0.20 carbon 

Infloence of 3.5 per cent nickel 




No nickel, 0.30 carbon 


37,000 
60,000 

+23.000 

+6,571 


7-1,000 
95,000 

+20,000 
+5,714 


30 
22 

— 8 


50 

48 

— 2 








No nickel, 0.40 carbon 


43,000 
72.000 

+29,000 
+8,285 


85,000 
110,000 

+25,000 
+7,142 


26 
18 

— 7 


45 
40 

— 5 












48,000 
86,000 

+37,000 
+10,570 


95,000 
125,000 

+80,000 
+8,571 


21 
13 

— 7 


40 
32 

— 8 






" 1 percent nickeL ;.. 





This table is exceedingly interesting, as showing that the effect 
of nickel on the elastic limit increases as the carbon increases. 

• ChoUt and Harmet, OaUrr. ZeUmh. Jilr Berg-wnd Hiammmn, 1894, p. 543. 
t Mr. Chase, Midvale Steel Co. Private communication. 
t Mr. R. G. DaTenporl, Mr. H. F. J. Porter and Mr. Hart. Private comma- 
nication. 
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In the 0,20-carboii steel, the gain on elastic limit due to 1 per 
cent, of nickel ie 5714 pounds; while in the 0.50-earbon eteel, 
the gain on elastic limit, due to 1 per cent, of nickel, ia 10,570 
pounds. 

Mr. McDonald, of the Crescent Steel Company, of Pitts- 
burgh, reports a test of nickel in forged Bteel of 1.10 per cent, 
carbon, aa follows : 

Elaetlo Teoslle 

Composition. Limit. Strength. 

No nickel, 1.10 carbon, .... 57,700 112,452 

1.65percent. nickel, 1.10 carbon, . . 88,980 146,250 

Gain due to 1.65 per cent, of nickel, . 31,280 38,798 

" to 1 " " . . 18,957 20,484 

The influence of nickel on both elastic and ultimate strength 
seems, therefore, to increase with the percentage of carbon ; or, 
in other words, high-carbon steels show a greater gain from 
the addition of nickel than low-earbon steels. While the above 
data are too few to base accurate comparisons upon, still the 
reports made by the Bethlehem Iron Company coincide very 
well with the results given by other steel works ; and as a basis 
for future comparison the gains due to 1 per cent, of nickel 
have been plotted in the curve shown in Fig, 4. 

Cholat and Harmet found that in pure iron the greatest 
strength was obtained by the addition of 15 per cent, of nickel. 
Taking this 15 per cent, alloy, and adding to it varying amounts 
of carbon, they found the greatest strength was produced by 
0.30 carbon, at which percentage a tensile strength of 213,400 
pounds was obtained. The same alloy (0.30 carbon, 15 nickel), 
oil-tempered, showed an elastic limit of 166,300, and an ulti- 
mate strength of 277,290 pounds per square inch.* 

Experimenting on steel containing from ,15 to .20 carbon, 
Mr. Hadfield finds the greatest strength is produced by the ad- 
dition of 12 to 15 per cent, of nickel. Cast test-bars, not an- 
nealed, containing 11.39 per cent, nickel, showed a tensile 
strength of 210,560 pounds per square inch, the same figure 
being also given by a steel containing 15.48 per cent, nickehf 

■ Cbolat and Harmet, Oestar. ZatKch. fur Berg- mtd HvUenweten, 1894, p. 534. 
Abridged in Scientific American, Jan. 8, 1897. 

t Hadfield, "AIIotbo! Iron and Nickel," IniLOivilEagn., 1899. 
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Elovgation and Conti-action of Area. 

Nickel-Bteels show a slight decrease in elongation and con- 
traction of area when compared with simple steels of the same 
percentage of carbon, bat an increase in these measurements, 
when compared with simple steels of the same tensile strength 
or elastic limit. 

A 0.25-carbon strnctural steel, annealed, tested by J. G. 
Eaton,* showed : 

Reduction 







Elastic 


Ultimate 


Elon- 


Carbon. 


Nlckei. 


Limit. 


Strengtli, 


gation. 


Per cent. 


Percent. 


Lbe. per Sq. In. 


LbB. perSq. In. 


Fercen 


0.25 


none 


36,420 


62,410 


26.25 


0.25 


3.3 


59,500 


84,640 


24.50 



Comparing steels of eqnal carbon, it appears that nickel 
produces a slight decrease in elongation and contraction of 

If steels of equal tensile strength he compared, nickel-steel 
will show greater ductility than carbon-steel :t 







HlBtlO 


■Ultimate 


*rbon. 


Nlekel. 


Limit. 


Strenirth, 


erMDt. 




Lb«.perSq.lD, 


Lb8.pepSq. 


0.20 


3.5 


46,000 


85,000 


0.40 


none 


43,000 


85, COO 



On protective deck-plates, simple steel of 0.45 carbon will 
show 90,000 ponnds tensile strength and 15 per cent, elonga- 
tion in a 2-inch piece; while a 0.20-earbon steel, with 3 per 
cent, nickel, having the same tensile strength of 90,000 pounds, 
will give 20 per cent, of elongation in the same length. 

" "With a given tensile strength," says Mr. E, "W. Daven- 
port,J " nickel increases somewhat the elongation, and to a 
greater extent the contraction, of area." 

It may therefore be taken as a rule that, as compared with 
simple steels of the same tensile strength, a 3 per cent nickel- 
steel will have from 20 to 30 per cent, greater elongation; 
while, as compared with simple steels of the same carbon-per- 
centage, the nickel-steel will have about 40 per cent, greater 
tensile strength, with practically the same elongation and re- 

* Commander J. O. Eatoa, "The Advantage of Nickel-SteeU over Carbon- 
Steels." 
t Mr. E. F. Wood, Canie^e Steel Co. t Owsi'er's Maganne, Aug., 1897. 
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duction of area. This relation of ductility to tensile strength 
holds good only for the usual uickel-steelB, containing up to 5 
per cent, of nickel. 

In the alloys of nickel with pure iron, the experiments, of 
Wedding and Rudeloff, and those of Cholat and Harmet, Guil- 
laame and Moulan, have shown a different relation. 

The figures obtained by Rudelotf for east bars of alloys of 
nickel, with almost pure iron, show the following relations be- 
tween elastic limit, ultimate strength and ductility: 

Table VHE. — Strength and Ductility of Mckel^lron AUoys. 













Lbs. per Sq. In. 









20,761 


46,072 


29.7 


] 


23,605 


47,921 


26.4 


2 


28,724 


52,614 


22.7 




34,128 


57,733 




4 


38,251 


67,733 


]7.6 


6 


4t>,215 




10.8 


8 


62,852 


79,916 


9.6 


16 




58,302 
14,U77 
53,751 


0.6 




60 


17,7T5 


36.1 


93 


15,367 


47,210 


19.0 


88 


12,940 


43,371 


17.1 



From this it will be seen that in alloys of nickel with iron 
containing little or no carbon the strength of the alloy increases 
with each rise in nickel up to 8 per cent., while the ductility 
decreases up to 16 per cent. Beyond this point, and up to 60 
per cent., the increase of nickel causes an increase both in duc- 
tility and strength. 

At about 25 per cent, of nickel it seems that a peculiar 
molecular change ia produced. A wire with 24 per cent, of 
nickel is as soft and ductile as copper,* and a 27 per cent. 
nickel-steel shows 47 per cent, of elongation, with a tensile 
strength of 100,000 pounds per square ineh.f Riley statesj 
that 25 per cent, nickel-steel, containing 0,27 carbon, gave an 
elongation of 29 per cent., with a tensile strength of 102,600 
pounds per square inch ; while nickel-steel, with 25 per cent. 

• Guillaume, Gwnpiw Benrfw, March, 1898. 

t J. C. Danziger, Damit Bag. Soc., June 19, 1896, 

1 J. Riley, Jour. Iron and Sled ItM., May, 1889. 
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of nickel and 0.82 of carbon, gave 40 per cent, of elongation, 
with a tensile Btreogth of 94,300 pounds. In this case it will 
be noticed that a large increase in carbon gave a large increase 
in ductility, with a slight drop in tensile strength. Cholat and 
Harraet state that in 25 per cent, nickel^teels, elongation and 
reduction of area rise with increase in the carbon-content, and 
the tensile strength remains high.* 

These testa show that the steels containing high percentages 
of nickel are entirely difterent in physical propertiea from the 
low-nickel steels commonly used in mechanical engineering. 

Proportion of Elastic Limit to Ultimate Strength. 
In low-carbon simple steels the elastic limit is about 50 per 
cent, of the ultimate strength. The addition of nickel to soft 
steel and homogeneous iron increases the proportion of elastic 
limit to ultimate strength, as is shown by the following tables, 
taken from Eudeloff's experiments :f 

Table IX. — Proportion of Elastic to Ultimate Strength in Iron- 
Nickel Alloys. 



73 



M. Moulan,]: of the Societe Cockerill, at Seraing, Belgium, 
in experimenting on an alloy of pure iron, with 7.5 per cent of 
nickel, found that in soft iron the ratio of elastic limit to ulti- 
mate strength is 55 per cent; while in 0.55-carbon steel the 
ratio is 51 per cent. ; and in the alloy of homogeneous iron 
with 7.5 per cent of nickel, the ratio is 91 per cent, of the ulti- 
mate. The same samples having been oil-tempered and an- 
nealed at 500° C, the ratios were found to be 65 for iron, 74 
for steel, and 96 for the ferro-nickel alloy. This high propor- 

* Oalerr. ZeilKh. /Or Berg- und BnUenvam, 1894, p. M3. 
t Verein ^ur Befordenatg det Oeu/erbJIeme*, Berlin, 1896. 
i IndialrUt and Iron, Nov. 2, 1894. 
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lion of elastic limit to ultimate strength had been attained 
without lose of ductility, since in the oil-tempered and an- 
nealed aample the elongation of the ferro-nickel alloy was 12.2 
per cent. 

"The ratio of elastic limit to teoeile strength (in sleel) can be increased by- 
tempering (t.e., hardening b.v sudden cooling), with subsequent annealing, and 
also by the introduction into the metal of a proper amount of certain unusual in- 
gredients, notably nickel."* 

"Nickel;" Bays Mr. Colby,t "increaeee the ratio between the 
elastic limit and tensile strength, and adds to the ductility of 
the steel." Testa made by Mr. Colby show that on for^ngs of 
mild steel, annealed, the ratio between elastic -limit and ulti- 
mate strength is 46.4; in medium hard at«el, annealed, 46.2; 
and in medium hard nickel-steel, annealed, 58.7 per cent. 

Mr. Allan, Lloyd's Surveyor at Parkhead, Glasgow, finds 
the ratios as follows : 

Proportion Of Elanlc Limit 

to Ultimate StnsDgtli. 

Per cent. 

Forged nickel steel, 64.0 

" simple "...... 54.4 

Rolled nickel " 68.3 

" simple " 43.6 

Mr, Beardmore states that the ratio of elastic limit to ten- 
sile strength is from 63 to 74 per cent in 3 per cent, nickel- 
steel forgings. 

The influence of nickel upon the strength of steel is most 
apparent in the elastic strength or working-capacity of the 
metal. If simple carbon-steel of a given tensile strength be 
compared with nickel-steel of the same tensile strength, it will 
be found that the elastic limit of the nickel-steel is from 10 to 
20 per cent, greater than that of the carbon-steel. This eftect 
of nickel upon the elastic limit and the limit of proportionality 
accounts for the increased working-capacity of nickel-steel and 
its resistance to molecular fatigue. 

Inftumce of Mechanical Work on Nkkd-Tron Alloys. 

A very thorough investigation of the effect of forging, and 

flat> and round-rolling, on the physical properties of nickel- 

• R. W. Davenport, OutUrU Mag., Aug., 1897, 

t A. h. Colby, IVoiu. Bngrs. Clvb, Phila., 1887, vol. liii. 
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steel has beea made at the Royal Mechanieo-Teehnical Experi- 
mental Station, at Charlottenburg, Pruesia. The average re- 
sults obtained are given in Table X., in which the qualities of 
the various alloys of nickel and iron, after rolling, are com- 
pared with their qualities in the east bars. This table should 
be studied in connection with Table VIH. : 

Table X.— The Effect of Hot-Rolling on Nickel-Iron Alloys*— 
The Values in the Cast Bar taken as 100. 



Nickel. 


Eloatlc Limit 


Ulllmale Strength 


ElaDgatlon 
after fioUlng. 






after Rolling. 





160 


102 


136 


1 


156 


102 


132 


2 


140 


104 


155 


3 


132 


101 


161 


4 


118 


107 




5 


113 


107 


301 


8 


97 


94 


318 


16 




Sl.l 




eo 


197 


164 


92 


95 


159 


172 


213 


98 


104 


175 


243 



From this table it will be seen that the elastic limit of the 
low-grade nickel-steels ie not as much increased by rolling as is 
that of wrought^iron. The figures of increase in ultimate 
strength are, for the low percentages of nickel, about the same 
as for pure iron. The ductility of nickel-steel, however, is in- 
creased by mechanical treatment to a much greater extent than 
that of iron. The 16 per cent, nickel-iron alloy shows a re- 
markable increase in ultimate strength and ductility after roll- 
ing. The actual figures obtained were as follows : 

Table XI. — lists oflQ Per Cent. Nickel-Iron Alloy, as Cast and 
as Moiled. 



This extraordinary increase in the strength of a 16 per cent. 
niekel-iron alloy by working is corroborated by the declaration 
of Mr. H. J. Williamsjf that an 18 per cent, nickel-steel re- 

• Verein aur Beforderwag rfe« GacaAJUmes, vi. and vii., 1898. 

t H, J. Williams, DamRscus Steel Co., Pittaburgh, Pa. Private 
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ceives its highest obtainable tensile strength and elasticity by 
bammenng on the anvil from a red beat until cold. 

Influence of Heat-Treatment on NickeUSteels. 

On heating simple carbon-steels to redness, and plunging 
them into oil, the elastic limit and tensile strength of tbe metal 
are raised, tbe effect being greater on the high-carbon than on the 
low-carbon steels. Prof. Howe, in bis Metallurgy of Steel, gives 
tables showing that the tensile strength is increased by quench- 
ing from 23 per cent, in 0.10-carbon steel to 77 per cent, in 
0.50-earbon steel; while, in the same samples, tbe elastic limit 
was raised by this treatment 88 per cent in the soft and 161 
per cent, in tbe hard steel. 

In the absence of carbon, nickel itself can render iron very 
sensitive to heat-treatment ; and in tbe presence of carbon the 
sensitivenese to heat^treatment which carbon induces is aug- 
mented by the influence of nickel. The effect of nickel alone 
is shown in Table XIL, in which tensile tests of iron almost 
free from carbon, but containing nickel, are compared in four 
conditions: (a)ca8tbars; (b) hammered bars ; as (1) hammered, 
(2) annealed and (3) quenched. 

From this table it will be seen that the effects of annealing 
and quenching are as follows : On alloys containing 8 per cent, 
nickel, and less, annealing lowers to a slight extent the tensile 
strength and elastic limit. By quenching, the elastic limit of 
nickel is uniformly raised. 

If the strength of the hammered and annealed bar be taken 
as 100, the gain in strength produced by quenching is as 
follows : 

Table XIII. — Increase of Strength in Iron-Nickel Alloys by 



(In Percentages upon the Figures tor the Hammered and Aauealed Bar before 
Quenching. ) 



Elsslic Limit. 
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These figures, from "Wedding and Rudeloff,* are corrobo- 
rated by the experiments of M. Moulan, of the Soeiete Cock- 
erill.f Comparing " homogeneous iron," containing almost no 
carbon, with the same metal after alloying with 7.5 per cent. 
of nickel, he found the gain in tensile strength and elastic limit 
produced by heat-treatment to be as follows ; 

Table XIV. — Increase of Strength Produced in Iron, and in a 

Co-lain Iro-n-Niekel Alloy, by Quenching. 

(In Percentages upon tlie Besalts giren by the CorretipoadiDg Metal before 

Quenching.) 



In Oil. 


In 


Etsslio UltlmsW 


Eladlo 


Limit. Streosth. 


Limit, 


Ferceat. Percent. 


Per cent. 


1, .... 60 15 


31 



Alloy containing 7.5 per cent, nickel, . 9G 84 116 132 

Nickel of itself can therefore confer upon its alloys with iron 
the property of taking increased strength by quenching. The 
higher nickel-alloye {over 16 per cent.) are not affected by heat- 
treatment, "W^en, in connection with the properties due to 
nickel alone, the effect of the carbon present ie considered, the 
extreme sensitiveness to heat-treatment of the ordinary grades 
of nickel-steels may be understood and appreciated. 

Annealmg-Temperature of Mckel-Steels. 
K steel be allowed to cool gradually from the solidifieation- 
point, it will be noticed that the fall of temperature is at first 
regular ; at a certain point the cooling ceases, and the metal 
for a time either remains at a constant heat or even shows. an 
increase in temperature ; below this point the metal cools regu- 
larly as before. This point where cooling is interrupted marks 
the temperature at which steel changes from the amorphous 
and plastic condition, in which it can be forged and welded, 
into the crystalline structure which it retains when cold. It 
marks the temperature at which the best results can be pro- 
duced by quenching, and it marks also the temperature to be 
attained (and very slightly exceeded) in annealing. The larger 

• Eodelofl,' Verein «ir B^ord. dea Geirei*fl., vii. and viii., 1898. 
t "Le FeiTo-Nickel," ifatJ. Vnio. dei Mitue, vol. xiyii., 1894, p. 142. The 
table here given ie not directly quoted, but formed by calculation trom M. Moa- 
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the proportion of carbon present, the lower ia the recaleacent 
point, and the narrower are the ranges of temperature within 
which the steel can be eafelj worked. A 1.50-carboo steel can 
be refined (i.e., brought to its maximum strength and hardness) 
by quenching from a dark orange red. A steel of 1.00-carbon 
can safely be heated to a little brighter redness; and a 0.50- 
carbon steel will bear a bright orange heat, which would burn 
and destroy the texture of a harder steel. 

" The presence of nickel causes steel to crystallize at a much 
lower temperature than it would otherwise."* This statement, 
by Mr, Ellis, managing director of John Brown & Co., of Shef- 
field, is explained by an examination of the reealescent point 
of nickel-steel. The determination of this point has been made 
by Messrs, Henry Souther and F. S. Flavel for the Pope Man- 
ufacturing Company, of Hartford, and is shown, in comparison 
with steels of 0.25 and 0.50 per cent, carbon, in the curve ex- 
hibited in Fig. 2. It appears that the recaleacent point of 0.25- 
carbon steel is a little over 1600° F., while that of 0.50-carbon 
steel is between 1350" and 1400°, and that of 5 per cent nickel- 
steel, with 0.25 carbon, ie about 1080° F. The reealescent 
point of pure nickel ie 1112° F.f This furnishes an explana- 
tion of the super-aeneitiveness of nickel-steel to heat-treatment. 
The proper annealing-temperature for the simple carbon steel 
is, according to Mr. Souther, a full red, while for nickel-steel 
the heat should not be over a cherrj-red. 

The Welding of NichelSteels. 
Nickel has a great affinity for oxygen, which renders the 
welding of high-nickel steels a matter of difficulty. Among 
steel-makers the term " welding " is often used to express the 
hammer-treatment of a east ingot at a bright red heat to insure 
the absence of blow-holes and internal flaws or cracks. Among 
the steel-users, welding means exclusively the union by ham- 
mering or pressure of two pieces of steel at the proper tempera- 
ture. All nickel-steela maybe consolidated and forged into homo- 
geneous masses under the hammer or hydraulic press. In other 
words, the presence of large amounts of nickel does not render 

* "Recent Experiments in Armor," IraL Naml Archiitctt, March, 1894. 
t "Nickel Extraction by the Mond ProcesB," W. C Roberts-Au»tin, Inst. Civil 
Eagn., London, Nov., 1898 
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steel red-short. For blackBmithe' work, however, an increase 
in the amount of carbon, or an increaBe in the amount of nickel, 
renders welding difficult A perfectly welded union should be 
as strong at the points of contact as at any other part of the 
welded piece; and hence a job of welding which a blacksmith 
might deem satisfactory might not show good results in a test- 
ing-machine. 

Fifl. 2. 
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The writer has had the following tests made by a skillful, 
practical blacksmith : 

(1) Ste«l, 2.05 Ni., 22 C, cut like soft st«el ; trelded perfect!; ; no sign ot 
treld showing ; bent twice at right angle* at the weld when liot ; the weld did not 
open, nor was ao; crack noted ; bent at rigbt angles when cold ; tailed to show 
an<r crack at the weld. 

(2) Samples containing 3.25 per cent, nickel and 0.16 carbon worked exactly 
like No. 1, under the same tests ; no crack was developed, and the metal welded 
perfectlj. 
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(3) Samples contaiaing 3.40 per cent. Dickel and 0.31 carbon cutatrifielmrder, 
also hammered like a harder steel ; welded perfectly ; bent bot and cold, like No. 
1, and showed no crack. The weld could not be seen, 

(4) Samples containing 2.62 per cent, nickel and 0.19 carbon worked exactly 
like Nos. 1 and 2. The tests did not show any weakness at the weld. 

(5) Samples containing 3.20 per cent nickel and 0.54 carbon worked a little 
harder, but gave a perfect solid weld. There were no cracks on bending, 
whether hot or cold. 

tfi) Samples containing 3.10 per cent nickel and 0.96 carboD worked harder 
(ie., like a lool^sleel) ; welded perfectly, and showed no craekson bending hot 

(7) Samples contunii^; 4.95 p«r cent, nickel and 0.61 carbon worked like 
No. 5, but not as hard as No. 6. The weld was good, and no cracks developed 
on bending. 

These teats are more practical than scientific. The writer 
has also seen an 18 per cent, nickel-steel split^welded to soft 
carbon-steel : the weld, ground down on an emery-wheel, showed 
apparently perfect union. Tests of the same metal for strength 
and elongation in welded and unwelded samples are likely to 
be deceptive, since the presence of nickel renders the carbon 
very sensitive to the heat-treatment received in welding, and, 
therefore, unless the welded and normal bars are subjected 
to the same annealing before testing, the results are dis- 
cordant. 

Mr. Hadfield, in his recent paper on the " Alloys of Nickel 
and Iron" (cited above), expresses the opinion that it is not 
possible to produce a perfect weld in nickel-iron alloys. Ad- 
mitting that, with very high percentages of nickel, welding is 
impossible, I must, however, maintain that Mr. Hadfield's con- 
elusions are not entirely corroborated by the experience of 
others. Some very interesting testa have been made by the 
Canadian Copper Co. on the loss of strength in welded speci- 
mens of nickel-steel. Two test-pieces of each grade were pre- 
pared ; one was tested in its normal condition, while the other 
piece was cut in two, electrically welded, and then tested. The 
results are shown in table on page 24. 

Tests made at the EojaJ Prussian Testing Institute show that 
the average tensile strength of welded bars of medium steel 
(no nickel) was 58 per cent, of that of the original bars before 
welding. In softer steels (no nickel) the average strength was 
71 per cent., while in puddled iron the average was 81 per cent. 

Beardmore* gives carefully-conducted welding-tests on 0.26- 



" Niekel-Steel as an Improved Material for Boiler-Platea, ei 
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Table XV. — Tests of Electrically-Welded MckeUSteeL 



No. 


PetcsDt. 


Percent. 




Tensile 
Strength. 


Elongft- 
Perceiit. 


fieduc- 

Area. 
Per cent. 


Lwwof 
Pe'r"^.t. 




a22 
0.16 
0.19 
0.64 
096 
0.61 


2.05 
3.35 
2.62 
3.00 
8.10 
4.93 


Normal, 
Welded, 
Normal, 
Welded, 
Nonna.1, 
Welded, 
Normiil, 
Welded, 
Nortnal, 
Welded, 
Normal, 
Welded, 


8-1,920 
80,380 
97,820 
87,500 
148,100 
117,800 
151,430 
117,600 
135,650 
114,600 
115,730 
104,050 


33 
17 

29 
6.9 

la. 5 
1.7 
8.0 
2.3 
8.5 
4.6 
3.6 
3.4 


69 

25 
5fl 
7.5 
17.4 

5:1 

1.7 
28.9 
4.5 
6.9 
2.9 


5.3 
10.6 

20.4 
22.3 
15.4 
10.0 
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carbon, 3 per cent, nickel-steels, the average of which is as 
follows : 

Xllllmate Strength. Elongation. 

Lba.perSq. to. Percent. 

Normal, 78,622 24 

Welded, 78,904 16 



These testfl show the same strength, but a decrease in duc- 
tility after welding. 

It may be taken as a rule, however, that steel containing over 
3 per cent, of nickel is difficult to weld, the cause being the 
tenacity with which a film of oxide clings to nickel-steel. A 
good flux lessens, but does not entirely remove, this difficulty. 

The Effect of Nickel on Hardness. 
" You cannot make a very low-carbon steel hard by the ad- 
dition of nickel alone." This opinion, expressed by Mr. Chase, 
of the Midvale Steel Co., is corroborated by others. Gun- 
barrels, containing 4.5 per cent, of nickel and 0.30 carbon, are 
soft and very ductile ; the steel can be cut with a knife,* and 
yet tensile testa show an elastic limit of 80,000 pounds, with 
105,000 pounds ultimate strength. The elongation is 25 per 
cent., and the reduction of area 45 to 60 per cent This high 
tensile strength of 80,000 pounds could be attained in simple 
steel by the use of about 0.70 per cent, of carbon, but at the 
expense of a hardness and brittleness not shown by the uickel- 



' Mr. Porter, Bethlehem 8 



il Co. Private commanicatloti. 
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Bteel. Nickel-steel rolls, containiDg 1 per cent, of carbon and 
5 of nickel, made by the Reliance Steel CastiDg Co., " were 
certainly turned easier than 1 per cent, carbon simple steel."* 
Mr. Hadfield saye, in the paper already cited : 

"■Wliile the samplea (containing 11.39 and 15.48 per cent, of nickel) present 
exlraunliiiaril; high resistance to compreasion, they cannot be described aa pos- 

eeasini; Imrdnesa like that of carbon steel in its hardened condition It is 

doabltui whether any specimen ot carbon-steel in ils ordinary condition (that is, 
unhardi.-nL'd) has ever been known to give such a high (enacitj, for example, as 
Specimen I. (O.IS carbon, 11.39 nickel), which, in the unannealed condition, 
possesa-'s a tensile strength of 94 tons {210,5SO pounds) per square inch. Yet 
these spscimiins, to the machine-tool or file, in no way compare with the hardness 
of carbon -sleel." 

The s^r^ot of nickel on hardening is not due to the influence 
of nickc' :i ione, but to its effect on the carbon in rendering that 
element more sensitive to heat-treatment. If a steel contains 
less than 6 per cent, of nickel, the influence of the amount of 
carbon present on the hardness obtained by water-quenching is 
very strongly marked. Above 8 per cent, of nickel, the 
eflect of the carbon present seems to he partially masked by 
the nickel; 18 per cent, nickel-steel is as hard and elastic with 
0.3,0 as with 0.75 carbon. If steel containing 18 per cent, 
nickel and 0.60 carbon be heated and plunged into water, it 
will be perceptibly softened ; and if the nickel be rajsed to 25 
per cent., this softening is very noticeable.f 

"At 20 per cent, of nickel," says Mr. Riley, "successive in- 
crements of nickel tend to make the steel softer and more duc- 
tile, and even to neutralize the influence of carbon." 

An 18 per cent, nickel-steel, with 0.60 carbon, if heated to a 
good red heat and worked on the anvil until cold, will have 
the hardness and elasticity, without the brittlenese, of a piece 
of tempered steel. The nickel-steel takes the temper and hard- 
ness by hammering alone — water-quenching will soften it. The 
18 percent, nickel-steel is exceedingly hard to punch cold; 
but, as the nickel increases, the steel soflens, and a 25 per cent, 
nickel-steel can be worked cold almost as easily as German 
silver.J The explanation of this peculiar behavior may be 



* Mr. Bailey, Reliance Steel Casting Co. Privele o 

t Mr. H. J. WUliama, Damascus Sleel Co. Private o 

X Mr. H. J. Williams, Damascus Steel Co. Private communication. 
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found in the experiments made in Berlin by Prof. Rudeloft. 
On melting in crucibles a steel calculated to contain 1 per cent, 
of carbon and 30 of nickel, he found that 80 per cent, of the 
earbon present was found in the finished alloy as graphite. 
"With a steel containing 1 per cent, of carbon and 60 of nickel, 
the same conditions were found to obtain.* Thia seems to in- 
dicate that in steels containing less than 6 per cent, of nickel 
the effect of nickel was to throw the carbon into a condition 
where it is exceedingly sensitive to heat^treatment ; but as the 
percentage of nickel rises, the carbon is thrown more and 
more into the graphitic state, upon which heat-treatment does 
not produce any eftect, 

Rigidity of Nickel^Uels. 

Under impacfc-tests, in which a heavy weight is allowed to 
fall upon a steel bar, supported at its extremities, nickel-steel 
with about 3 per cent, of nickel shows about 48 per cent, 
greater stiffness, and 45 per cent, greater toughness, than 
carbon-steel. The word stiffness refers here to the amount of 
deflection produced by the blow ; while the word toughness re- 
fers to the number of blows required to produce rupture. 

Beardmore says that, in experiments with nickel- and carbon- 
8t«el of the same carbon-contents, the nickel-steel was frac- 
tured at 7 impact-blows, and broke after 85 blows; while 
the simple steel was fractured at 5 and broke after only 
12 blows. 

Mr. Taylor, of the Carnegie Steel Co., has kindly furnished 
copies of impact-tests, made upon simple steel and nickel-steel 
axles. The weight dropped was 1640 pounds; but as the 
nickel-steel axles were 1 J inches greater in diameter than those 
of simple steel, the momentum was made proportional by 
allowing a drop of 29 feet on the simple steel and of 44 feet 
on the nickel-steel. In Tables XVL and XVII., representing 
these tests, it will be noted that the simple steel was deflected 
by the first blow 7.5 inches, and broke after 47 blows; while 
the nickel-steel was deflected only 5.0625 inches, and broke 
only after 68 blows. 

* Ver^n xar Burdening da OeaeH^eiaa, 1897, p. 242. 
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The Effect of Nickel on Compressive Strength. 

In an alloy of pure iron with varying percentages of nickel, 
the resistances to compression have been determined. Eesist- 
ance to direct compression varies directly with the percentage 
of nickel in the alloy, up to 16 per cent., very nearly in the 
same manner as the resistance to tension, except that for ten- 
sion the maximum strength is reached at 8, while the maxim am 
for compression is reached at 16 per cent. In comparative 
tests, in which small blocks of the alloys were subjected to the 
blows of a heavy hammer, the same ratio between the nickel- 
contents and the resistance to compression was observed ; and 
it waa noted also that, up to 16 per cent, of nickel, the resist- 
ance of the block to compression increases with the number of 
blows given, and that this increased resistance is also in direct 
ratio to the amount of nickel, up to the maximum of 16 per 
cent. In other words, nickel seems to increase the gain in 
strength produced by cold- working,* 

Mr. Hadfield has published the results of compression-tests 
on nickel-steels of low carbon. f He finds that samples con- 
taining 11.39 and 15.48 per cent, of nickel possess extraordi- 
narily high compressive-Btrength. These samples showed a 
shortening of only 1 per ceut. by a load of 100 tons ; while, 
under the same conditions, a low-carbon steel, without nickel, 
was shortened 50 per cent. 



Table 'KYJll.—Cm.pression- Tests by Mr. Hadfield. 


Mark ot Test. 


Carbon. 
Percent. 


NlcieL 
Pet cent 


ElaMlc LImU 
■Zona per Sq. In. 


ShorWnlngby 
lOD-Ton Loarf. 


^ 


.19 


.27 


22 


50 


b 


.14 


.51 


22 


50 




.13 


.95 


20 


49 


d 


.14 


1.92 


27 


47 




.19 


3.82 


28 


41 


f 


.18 


5.S1 


40 


37 


i 


.17 


7.66 


40 


33 


.16 


9.51 


70 


3 




.18 


11.39 


100 




j 


.tz 


15.48 


80 


1 


i 


.19 


19.64 


80 


3 


1 


.16 


24.51 


50 


16 




.14 


29.07 


24 


41 



* Rudeloff, Verein lur Be/iirdtrung da QeaterbjldatK, 1896. 

t " Alloja of Iron Euid Kickel," /twi. Civil Engrt., toI. czzzviii. 
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Mr. Hadfield says : 

"Some noteworthy resulls are obtained, eapecially in samples i and j, in which 
the resistance to compression is eitraordinarilj high. These results are the more 
remarkable in view of the low carbon present. A still more curious point is, that 
notwithstanding the high resistance to compression stresses, they are compara- 
tivelj soft and can be machined — though not readily. There is no doubt that as 
regards pure alloys of iron and nickel, that is, no carbon or other elements being 
present or to only a small extent, the increase in resistance to stress is a most re- 
markable property, apparently only possessed by these nickel-iron alloys." 

The Sheanng-Slrength of Mckel-Steels. 

In shearing the edges of rolled deck-plates, carbon-steel 
often cuts raggedly — small fragments breaking back from the 
edge of the shears. Nickel-steel, on the other hand, cuts clean, 
like a very mild steel.* This is also true of punching. " Care- 
ful experiments in punching show that the hole is left with 
clean-cut edges, with no slivers or wire-edges. Nickel-plates 
shear more neatly than carbon-plates. "f 

Prof, Kudeloff has investigated the influence of nickel upon 
the shearing-strength of iron, with the following results :t 

Table XJX.—Efect of Nickel on Shearmg-Strmgih. 



40,441 

47,363 
47,363 
48,311 
62,Ct09 
61,826 



The shearing-strength rapidly rises with increase in the per- 
centage of nickel, up to 16 per cent., at which point the nickel- 
alloy has 2.5 times the shearing-strength of pare iron. 



* E. F. Wood, Carnegie Sleel Co. Private ci 

t "The Advantages of Nickel-Steel," Commander J, G. Eaton. 
X M. Rudelofl, "Vierter Bericht des Sonderauschusses fiir Eisenlegirungen," 
Vfsmn mr Bef. dt» Gewerbfi., Berlin, 1896. 
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Further resiilta on the shearing of nickel-steels are given 
below, under the head of niekel-flteel rivets. 

Loss of Strength on Punching. 
Tests have been made at the Parkhead Forge rotling-niil] , in 
Glasgow, Scotland, to determine the original strength of nickel- 
steel boiler-plates, and also the residual strength, after a por- 
tion had been removed by punching. Two samples of plate 
were tested : No. 1 being mild steel, of usual " boiler-plate " 
quality, and No. 2 a steel somewhat higher in carbon. Each 
contained the usual 3 per cent, of nickel. The tensile strength 
of the whole sheets, before punching, averaged as follows : 

Lbs. parSq. In. 

No. 1, 84,672 

No. 2, 116,480 

Test-pieces of these sbeeta, about 3.5 inches in width, were 
taken, and, in the center of each, 1-inch holes were punched. 
The samples were then subjected to tensile tests, with the fol- 
lowing average results : 

LbB, perSq. In, 



The loss of strength by punching was, for No. 1, 15.5 per 
cent, and for No. 2, 20 per cent, of the original strength. On 
the thicker sections of No. 1 the loss in strength was only about 
10 per cent. 

Mr. Beardmore states the loss of strength due to punching 
in ordinary mild ateel to be 33 per cent of the original 
strength. 

This is, however, higher than is usually reported. Prof. 
Howe says that it ranges from 9 to 34 per cent. — the average 
of testa on simple-steel plates showing a little over 20 per cent. 
loss on punching. 

It is evident from this comparison that nickel-steel suffers 
from punching at least as little as mild boiler-steel. Mr. Beard- 
more claims that in this regard nickel-steel is much-superior to 
the simple steels.* 

■ "Nickel Steel," /ns(. Eagre, and ShipbaOderi t^ SaoHa-ad, March, 1896; Jn- 
A'oAnu oud /rott. May, 189S. 
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The Ivfiuence of Nickel on Appearance and Tests. 

In handling the charge in the open-hearth farnace, the melter 
relies for guidance upon the appearance of the fracture of Binall 
teet-bare, taken from time to time. With simple earbon-steela, 
a very accurate estimate of the amount of carbon present can 
be thus obtained. Nickel changes entirely the characteristic 
appearance of the fracture. Teet^bars from a heat of nickel- 
steel show very pronounced crystallization, like the chill of 
cast-iron, the crystals meeting sharply at the angles of the test- 
mould. Nickel-steel has a darker fracture than simple steel ; 
and the furnace-man, judging by the appearance of the crystal- 
lization, would be apt to think the carbon was higher than is 
really the case. If, however, a series of test-bars be taken 
during a heat of nickel-steel, it will be found that the appear- 
ance changes regularly as the carbon drops ; and the appear- 
ance of the fracture, once learned, forms as safe a criterion of 
the carhon-contente as is furnished by the corresponding changes 
in the case of simple steel. 

In color-carbon tests on nickel-steels, the chemist is apt to 
estimate the carbon too low — not because of any color given 
by the nickel present (which, of itself, does not interfere with 
the color-test), but by reason of the effect of nickel on the 
carbon, changing part of it to the hardening-condition, in which 
form its color-effect is not so visible as that of cement-carbon.* 
For accurate comparison of teats, therefore, combustion-deter- 
minations of carbon are necessary. 

The color of the finished steel becomes lighter with increase 
in the niekel-contenta. The ordinary 3.5 per cent, nickel-steels 
do not perceptibly differ in appearance from simple steels ; at 
10 per cent, of nickel, the color is noticeably lighter; and, at 
18 per cent., the steel has a soft silvery whiteness; with higher 
percentages the color seems again to darken, and the 25 and 
80 per cent, nickel-steels are duller and less lustrous than the 
18 per cent. In texture, moreover, the 18 per cent, nickel- 
steels appear more smooth and close-grained than iron-alloys 
containing a larger percentage of nickel. 

* Mr. Chase, Midvale Steel Wocka. Private comma oication. 
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Segregation in Nickel-Steel. 
Tbe various elements which enter into the composition of 
steels — silicon, sulphur, phosphorus, manganese and carbon — 
are all thoroughly mixed in the molten steel, and, in the fur- 
nace, are evenly distributed throughout the charge. When the 
steel is cast in the ingot-mould, each of these elements forming 
its own alloy with iron, and each solidifying at a different tem- 
perature and possessing a different specific gravity from tbe 
others, begins to move through the fluid steel. As tbe mass 
cools, the tendency of these compounds is towards the central 
and upper part of the ingot. Analysis shows that the center 
of an ingot contains a much greater proportion of carbon, sili- 
con, sulphur and phosphorus than the outside ; and for this 
reason, in the manufacture of shafting, gun-hoops and other 
articles in which uniformity of composition is a sine qua non, 
tbe center of the ingot is removed by boring. 

" Nicke] is supposed to lessen tbe segregation and liquation of carbon b; com- 
bining nilh tbe carbon whicb cements the particles of iron togetber, and thus 
bringing tbe specific gravitj of tbe carbon compounds nearer to tbat of tbe rest of 
the allocs in tbe fluid miitnre. It also seems to canse tbia cementing carbon lo 
Bolidify at more nearly tbe same temperature as tbe otber alloys."* 

Analyses from an ingot of uncompressed nickel-steel, 66,5 
inches in diameter and 122 inches long, made by the Bethle- 
hem Steel Co,, gave the following result :t 

Table XX. — Segregation in NickelrSteel. 

Outside, six Tn. trom Center. Ratio of Con- 

Per cent Per c«nt. cenlratlon. 

Nickel, .... 3.07 3.27 100:108 

Silicon, .... 0.172 0.170 100: 98 

Salpbur, . . , . 0.03 0.08 100:200 

Carbon, .... 0.31 0.36 100:116 

Pbosphorus, . . .0.025 0.047 100:188 

It will be noted tbat in this nickel-steel ingot the segregation- 
excess of carbon is only 0.008 per cent. Prof. Howe in his 
Metallurgy of Steel, states tbat in simple steels the average segre- 
gation-excess of carbon is greater than tbat of any other ele- 
ment; and, in five eases whicb be cites, it exceeds 0.44 per cent. 

• Mr. Q. H. Chase, Midvale Steel Works. Private communication, 
t Mr. U. F. Porter, Bethlehem Steel Works. Private communication. 
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of Mcpansion. 

Simple Bteel, when heated or cooled 1 degree Centigrade, at 
ordinary temperature, expands or contracts about 11.6 parts 
in a million. Expressed in the usual way, the coefficient of ex- 
pansion of simple steel for each degree C. is 0.0000116. 

According to M. Ch. Ed. Guillaume,* the coefficients of 
nickel-steels are normal up to 19 per cent, of nickel, from which 
point the coefficients rise rapidly up to 24 per cent,, then fall 
to a minimum with steels containing 36 per cent of nickel, and 
then, with further increase in nickel, return to a normal value. 
In investigating the behavior of these alloys, M. Guillaume die- 
covered several remarkable anomalies which led him to divide 
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nickel-steels into two classes : those containing less than 26 per 
cent, of nickel, which he calls irreversible alloys, and which show 
entirely different behavior at ascending and at descending tem- 
peratures ; and those containing over 26 per cent, of nickel (the 
reversible alloys), which have a regular coefficient of expansion, 
the same for rising as for falling temperatures. 

All the irreversible alloys show practically the same behavior 
as the 15 per cent, nickel-steel, as shown in Fig. 3, in which 
the ahscisste represent the temperature and the ordinates the 
length of the bar. When, after heating to cherry-red, the bar 
is allowed to cool, the metal contracts regularly, as shown by 

■ " JEWcherches sur 1«b Aciers au Nickel," OmtpUi Bendta, Harch 11, 1^98. 
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the line A B. At about 130" C, however, the bar commences 
to expand, and continues to expand as the temperature falls ; 
and the rate of expansion on cooling is 40 parts in a million 
per degree C. If now, while the bar is cooling and expanding, 
it be taken (aay at 100° C, when it has expanded to the point 
I>) and reheated, it does not (as would be expected) contract 
till it reaches a temperature of 130°, and then expand, but ex- 
pands immediately, along the line C D. On cooling, it con- 
tracts again along the line C D, and then expands along the line 
I> E, continuing to expand as the temperature falls, until, at 
60° below zero, C, the expansion is very slight. There are, for 
these "irreversible" alloys, two transformation-points; one 
near a red heat and the other at about 60" below zero, C. The 
more nickel contained in the steel (up to 26 per cent), the lower 
the point (B), at which transformation by cooling commences; 
and the more rapidly is the point E attained, at which trans- 
formation is complete. The coefficient of expansion on heat- 
ing from — 60° is 0.00001047, or 10.47 parte per million for 
each degree Centigrade. 

The reversible nickel-steels (those containing over 26 per cent, 
of nickel) poseeea a regular coefficient of expansion, which 
varies according to the percentage of nickel. These coef- 
ficients, as given by M. Guillaume,* are as follows : 

Table XXI. — Coefficient of Expansion of Nickel-Steels. 



Nickel. 












Per cent. (In Centigrade Dorses). 


26.2, (13.103 + 0.0-21^3 6) 10- 


27.9, 












(11.288 + 0.02889 S) " 


28.7, 












(10.387 + 0.03004 8) " 


30.4, 












( 4,570 + 0.01194 9) " 


81.4. 












{ 8.395 + 0,00885*) " 


34.6, 












( 1.373 + 0.00237 ») " 


85.6, 












{ 0.877 + 0.00127 ») " 


87.3, 












( 3.467 — 0.00S47S) " 


89.4, 












( 5.357 — 0.00448 8) " 


44.4, 












( 8.508 — 0.00251*) " 


100.0, 












(12.514 + 0.006T4*) " 



The 26 per cent, nickel-steels expand a trifle more than pure 
nickel ; then the coefficient of expansion rapidly decreaF,es, 
reaching its minimum at^^ per cent nickel, where the alloy 

* Omptti Btnd«», March II, 1898. 



byGoogle 



HICKBL-6TEEL ; A SYNOPSIS OF EXPERIMENT AND OPINION. 35 



expands by heating only one-tenth as much as platinum and 
one-twentieth as much as braes. 

Calculating from the above formula, it will he seen that for 
each degree Centigrade, nickel-steel of 36 per cent, nickel ex- 
pands 0.878 parts in a million. Platinum expands 8.84, and 
brass 18.78 parts, under the same conditions.* 

Density of Mckel-Steels. 
The specific gravity r>f various nickel-iron alloys has been 
reported by various investigators as follows : 



Table SXH.- 



edjic Gravity of Nickel-Iron Alloys. 



»*.. 


Percent. 


c..,..»,. 


^..^. 


Observer. 


Simple frteel..._ 


0. 




7.6 to 8.0 




Low carbon 


3.0 


Forged. 


7.862 


Beardmore. 




S.S2 


Cast. 


7.777 


Hadfield. 




6.0 


Forged. 


7.787 


Gaillanme. 


0.17-carbon;..... 


7.65 


o«t. 


7.743 


Hadfield. 


Low-carboQ 


8.0 




7.892 


Kudelofi. 




lao 




7.880 


Eiiey. 




15. 


Forged. 


7,903 


Guillaume. 


0.23-carbon 


15.48 


CMt 


7.752 


Hadfield. 




19.0 


Forged. 


7.913 


Guillaume. 




24.0 


(Magnetic.) 


aoi4 






24.. 


(Kon. magnetic.} 


8.111 




0.16-carbon..... 


24.51 


Cast. 


7.810 


Hadfield. ' 




28. 




8.08 


Eiley. 




26.2 


Forged. 


8.096 


Guillaume. 




29. 


Wire. 


8.4 


Von Helmhol«. 


0.14-<arbon 


29.07 


Cast. 


8.054 


Hadfield. 




30.4 


For^d. 


8.019 


Guillaume. 




31.4 


8.008 






34.6 




8.060 






37.2 




8.005 






39.4 




8.076 






44.3 




8.120 






98.8 


(Commercial Cast) 


8.839 


Hsdfleld. 




93.8 


','. Fo'r*-) 


8.826 






98.8 


8.86 


EUey. 



Corrodibility of Nickel-Steel. 
Nickel itself is very slightly affected by air, steam, moisture 
and acid vapors ; in alloys with iron and steel, the incorrodi- 
hility increases with the percentage of nickel up to 18. " This 
alloy is practically non-corrodible. A sample hung for tbree 
months in the laboratory-fumes was very slightly corroded in 
spots, which seemed due to the condensation of acid in drops 



* Thurelon's MaUrialt ^ Engineering. 
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on the surface."* Farther increase in the percentage of nickel 
causes steel to become open-grained and not susceptible to tem- 
pering, and (probably for this reason) the 25 per cent nickel- 
alloy will gather a faint coating of rust, where the 18 per cent, 
alloy would remain bright. " Tico " resistance-wire, contain- 
ing 27.5 per cent, of nickel, was very slightly coated with rust 
after one year's exposure to water in a very wet cellar; iron 
wire, under the same conditions, was entirely changed to oxide. 
"With the ordinary nickel-steels (3 to 3.5 per cent, nickel) cor- 
rosion is slightly less than in simple steels. Mr. Whyte, super- 
intendent of Lieth docks, has tested the loss in weight of 
nickel-steel, mild steel and wrought-iron, after twelve months' 
exposure to sea-water, with the following results :t 

Table XXIII. — Oorrosion of Nickel-Steel, etc., by Sea- Water. 

Lobs in WelRht, 

Planed nickel-steel (3 per cent. Ni) 1.36 

" simple " (0.25 per cent C), 1,72 

" wcought-iron 1.89 

TJnplaned nickel-ateel, 0.74 

Eiley states that, as compared with 0.18 carbon-steel, the loss 
in weight by immersion in dilute hydrochloric acid was as 
follows : 

Table XXTV. — Corrosion of Nickel-Steel in Dilute Hydrochloric 
Acid. 

Parta Actual Losa 
in Weigbl. 

0.18-carbon steel, 1,000 

5 per cent nickel-steel, 830 

25 " " 1.15 

"Wiggin gives the percentage of loss in steam and salt water 
as follows : 

Table XXV. — Corrosion of Mekel-Steel, etc., by Steam and 
Salt Water. 

Lou b; Boiling Loia by 

tor ! months In Treating with 

water with 10 Steam for 

Per cent Salt. 2 montba. 

Percent. Percent. 

Nickel-Bteel (3 per cent.), 1.00 .27 

Besaemer steel, l'8l .58 

Open-hearth Bteel, 1-97 .31 

" " 2.00 .36 

• H. J. Williams, Damascus Tool-Steel Co., Pittsburgh. 

t Beardmore, " Nickel-Steel as an Improved Material for Boiler-plates." 
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Ptof. Howe states that on exposure to fresh water and to air 
he has found the average loss in grammes as follows : 

Table XXVI.— ioss of Weight of Nickel-Steel, etc., in Fresh 
Water and Air. 



rregh wwor. 

Qrammei. Onmmei. 

High-Dickel steel, 79 29 

Low- " 261 61 

WroughMron, 279 87 

Soft steel, 274 117 

Mr. Hadfield, experimenting on forged test-bars of nickel- 
steel containing about 0.20 per cent, of carbon, immersed for 
three weeks in 50 per cent, sulphuric acid, finds less difference 
in corroBion between nickel-steel and simple steel than is found 
by other investdgators. 

Table XX VII. — Loss of Weight throvgk Prolonged Immersion in 
Sulphuric Acid. 

Analyila. 

CaiboQ. Nickel. Lou. 

Peroant. - Percent. Percent 

0.13 0.93 3.23 

0.19 8.82 2.95 

0.17 7.62 2.77 

0.18 11.89 2.60 

0.14 29.07 1.34 

Experiments made by the writer seem to prove that the 
amount of carbon present has much inflnence on the corrodi- 
bility of nickel-steel. These tests were made by placing bars 
of the steel to be tested in a solution of 10 per cent, hydro- 
chloric acid and 10 per cent, common salt in water. The samples 
were held apart by strips of wood, to avoid electrolytic action. 
The pickling was continued for a week ; the samples were then 
carefully washed, brushed and weighed. The results arc given 
in full in Table XXVIII. Arranging the samples into the three 
groups, — low, medium and high carbon, — it will be noted that 
in each group there is a fairly regular decrease in corrosion, 
corresponding to increase in nickel. Among special steels, that 
containing 18 per cent, of nickel gives remarkable results, show- 
ing a loss by corrosion of only 0.077 per cent., against a loss of 
6.8 per cent, in low-carbon steel containing no nickel. 



by Google 



38 NICEEL-BTBEL ; A SYNOPSIS 07 EXPERIMENT AND OPINIOIf. 

Table XSVIII. — Corrosion' Tests of NickelrSteels fn/ Treatment 
with Hydrochloric Acid and Brine. 

Carbon. Nickel. Lon. 

Pet cent. Pet cent. Par cent 

0.19 0.00 5.811 

0.19 1.05 1.30G 

0.19 2.62 L7I2 

0.16 8.17 .664 

0.16 8.55 .4S9 

0.18 6.80 .647 

ass 0.00 2.121 

0.S7 1.05 1.287 

0.29 1.90 .607 

0.31 3.40 .434 

0.31 3.76 .845 

0.43 6.75 .818 

0.78 0.00 1.S08 

0.81 1.16 .914 

0.81 2.30 .924 

0.91 8.10 .640 

1.00 8.62 .488 

11.26 1.66' 

0.46 18. .077 

23.86 .479 

90.8 .180 

From the above teats it appears that, with steel of the same 
carbon-coQtents, corrosion decreases as nickel increases, while 
carbon itself, irrespective of the nickel present, seems alao to 
increase the resistance to corrosion. 

Electrical and Magnetic Qualities, 
Table XSIX. — Specific Resistance of Nickel-Steels. 

Specific ReslsUmce In Ohms per Meter Aalhortty 

Pare nickel, 0.126 Mattbiessen. 

Pare iron 0,098 Matthiessen. 

Nickel.8teel, 0.80 to 0.90 Guillaume. 

■ "Tioo" wire, 0.810 Trenton Iron Co. 

"Soperior" wire, 86 microhms at 20° C. 0.860 Von Helmholz. 

"aimai" wire, 0.784 Roebling. 

German Bilver, 0.338 Von Helmholz. 

According to Guillaume, all nickel-steels have a high elec- 
trical resistance which does not . seem to vary very much with 
the percentage of nickel. The nickel-steel resistance-wires, 
" Tico," " Superior " and " Climax," containing from 25 to 80 
per cent, of nickel, have about 48 times, while German silver 
has about 18 times, the resistance of copper. 
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Mr. Hadfield reports a very intereBtiiig aeries of tests of the 
electrical conductivity of nickel-steels, as follows : 



Table 'XXX.— Electrical CondueUvity of NickelSteels. 








'*■"'"■"'*■ 


Condition of 
Materi-O. 


ELECTBIC CONDUtTIVITT. 












Per cent. 




Copper 100. 


Iron 100. 


0.14 


1.92 




8.00 




0.19 


3.82 






44.3 


0.18 


11.39 




4.49 


28.9 


0,19 


]9.fl4 




4,00 




0.16 


24.51 




2.67 


17.2 


0.16 


24.51 




3.70 


23.84 


0.16 


24.61 


Wster qucDched. 


3.03 


19.45 




31.00 


Unannealed. 




12.02 



Hopkinson investigated, in 1890, the magnetic properties of 
nickel-steels. In examining a steel containing 4.7 per cent, of 
nickel and 0.22 of carbon, he found that on heating to 750° 0. 
the steel became non-magnetic and absorbed considerable heat. 
On cooling to 632° C, this latent heat was given out and the 
metal again became magnetic. Nickel-steel with 24.5 per cent, 
of nickel was non-magnetic at ordinary temperatures, and re- 
mained non-magnetic up to 700° C. This material did not reea- 
lesce on cooling. If cooled down a little below the freezing- 
point, this steel became- magnetic and remained so until heated 
up to 580° C, At this temperature it became con-magnetic, 
and remained so on cooling to the temperature of the air. From 
4° C. to 580° C, this alloy can exist in two states : either mag- 
netic or non-magnetic, according to the previous heat-treatment. 
The specific electrical resistance is .000052 in the magnetic and 
,000072 in the non-magnetic state.* 

According to Guillaume, all nickel-steels below 25.7 per cent, 
Ni can be, at the same temperature, either magnetic or non- 
magnetic, according to their previous heat-treatment. These 
steels are comprised between the formulte Fe and Fe^Ni, and 
they show ditferent properties at ascending and at descending 
temperatures.f 



* Hopkinson, " Magnetic Properti 
1890 ; Enginetnng, Sept. 5, 



a of Nickel-Iron Ailoya," Ftoc. Royal Soc, 



a Nickel," Camptes Beadui, March, 1893. 
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When these nickel-Bteek, containing less than 25 per cent. 
Ni, are heated, they lose their magnetism at a point between 
dull and cherry-red. "When they are cooled, they do not be- 
come magnetic until a temperature is reached much lower than 
that at which magnetism was lost The return to the magnetic 
state is gradual ; and the point at which magnetism is recov- 
ered is lower, in proportion, as the alloy is richer in nickel. 
For an alloy of 24 per cent., the return to the magnetic state 
occurs a little below zero. The alloys increase in volume on 
becoming magnetic, the density of the 24 per cent- nickel-steel 
being 8.111 in the non-magnetic, and 8.014 in the magnetic 
state. The temperature at which the loss of magnetism occurs 
can be represented as a function of the nickel present by the 
formula : 

e = 84.1 (71-26.7)— 0.80 (n-26.7)', 

d representing the temperature and n the percentage of nickel. 

Steels containing more than 25 per cent, of nickel possess 
regular magnetic properties which depend on the actual, and 
not on the previous, temperature. 

M. Marcel Deprez,* commenting on M. Guillaume's equation 
representing the loss of magnetism at given temperatures cor- 
responding to the amount of nickel present, shows that for 
alloys with 26.7 per cent, the transformation takes place at 
0" C. ; while for 39.4 per cent. Ni, the temperature is 315°, 
and for 58 per cent the highest value, 363° C, is attained. 
The transition from magnetic to non-magnetic condition takes 
place within a range of 50°. To eliminate the magnetism by 
means of boiling water, a 80 per cent, alloy is needed. This 
metal is strongly magnetic at 50° C, 

The lower nickel-eteels, containing 3 to 5 per cent of nickel, 
possess a magnetic permeability greater than that of wrought- 
iron. 

The magnetic saturation of simple steels and nickel-steels, at 
ordinary and at exceedingly low temperatures, has been inves- 
tigated by Prof. Dewar. The method followed was to charge 
small magnets to saturation at the ordinary temperature, meas- 
ure the deflection produced on a galvanometer, then plunge the 

* Ba. GliUrale da SeiaKa, Feb. 15, 1898 ; Jour. Iron fxnd Stcd In^., 1898, p. 506. 
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magnets into liquid air, whereby a temperature of — 186° C. is 
attained, and note the magnetic strength again. 

Simple steels behaved in the same general way ; the first 
cooling diminished the magnetic moment 6 per cent., and on 
heating up to ordinary temperature, it was still further dimin- 
ished about 16 per cent On cooling again the magnetic mo- 
ment increased 6 per cent., and from this point heating always 
diminished and cooling always increased the magnetic moment; 
so that at — 186° C. the magnetism was 10 per cent, greater 
than at 5° C. The increase of magnetic moment, when cold, 
varies with the amount of carbon ; hard steels showing 10, 
medium steels 20, and soft steels 30 per cent, increase on 
cooling. 

"With nickel-steels a different result was obtained. The steels 
containing 0.94, 3.82 and 7.65 per cent, of nickel all acted like 
high-carbon steels, the magnetic moment being 10 to 11 per 
cent, greater when cold than at ordinary temperatures. The 
alloy with 19.64 per cent, nickel showed a very considerable 
loss — nearly 50 per cent, — of magnetic moment on firet cool- 
ing; on removal from the liquid air, the magnetism increased; 
and after that the magnetic moment was 25 per cent, smaller 
when cold than at ordinary temperatures.* 

IIL — Molecular Relation of Nickel to Ikon and Carbon 
IN Nickel-Steels. 
It seems to be a generally accepted opinion that the effect of 
nickel in nickel-steels is two-fold : 

1. "With low-carbon, or nearly pure wrought-iron, nickel 
seems to form a homogeneous alloy, much toiigher and stronger 
than either pure nickel or pare iron. This coDcIusion is 
strengthened by the experiments of M. Moulan, referred to on 
page 15, and by the experiments of Eudeloff, on page 6, of 
this paper. 

2. It is well known that pure uickel and iron unite to form 
definite crystalline compounds. Such an alloy, containing iron 
45.64, nickel 54.36, and corresponding to the formula FcgNi,, 
was discovered by the writer in nickel-matte and described in 

* DeivBT ancl Fleming on " Changes Produced iD Magnetised Iron and St«el by 
Cooling," ZVant. Aoyo^ Soe., Ha; Sil, 1896. 
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the Journal of Analytical and Applied Chemistry, March, 1892. 
It occurs ill the shape of thin, flat cryetala, looking like corner- 
clippings of tin foil, and having the form of right-angled isoa- 
celes triangles, measuring at the most one-half inch on the 
longer side. The crystals are silver-white, exceedingly tough, 
flexible and malleable, and strongly magnetic. As far as can 
be judged they are ae soft as pure iron, if not softer. 

M. Guillaume, in his researches on the magnetic properties 
and expansion-coefficients of nickel-steels, finds that the most 
prononnced results and most remarkable peculiarities are shown 
by the alloys which correspond most closely to the formuise 
Fe,Ni and FegNi. 

It would seem from this that nickel forms with iron a aeries 
of crystalline chemical compounds, which, from the experiments 
of Moulan and RudeloflT, would seem to be tougher and stronger 
than pure iron. 

Assuming that, ae many hold, nickel canses carbon to pass 
from the cement- to the hardening-coiidition, we may conceive 
that the stiflhess and rigidity of nickel-steels are due to the 
effect' of carbon in this condition; while the ductility of nickel- 
steel is due to the fact that the matrix (the nickel-iron " min- 
eral ") is tougher than simple iron, and permits more molecular 
distortion before breaking. 

If we consider the effect of nickel in Harveyized armor- 
plate we see that in the nnhardened under-part of the plate 
the nickel-iron alloy is soft, tough and ductile; while in the 
hardened surface the high-carbon nickel-steel is stiff, rigid and 
hard. Owing to the toughness of the back, a blow on the face 
is absorbed and its momentum used up in heating the whole 
plate, while in the case of simple steel a blow expends its mo- 
mentum in local shattering of the surface. We consider, there- 
fore, that the benefits arising from the use of nickel in armor 
are two-fold: it forms on the surface a hard, impenetrable 
carbon-alloy, back of which, and supporting it, is a soft, ductile, 
homogeneous base. We may conceive of the action of nickel 
in nickel-steel in much the same way, and consider the stiff- 
ness and rigidity of the metal as due to the combination of iron 
with carbon in the hardening condition, and the ductility of 
nickel-steel as due to the toughness and strength of the original 
matrix or crystalline compound of nickel and iron. 
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As previously stated, small amouiits of nickel seem to throw 
carbon into the hardening-condition, and large amounts aeem 
to cause the separation of carbon aa graphite. The effect of 
nickel on carbon is well brought out by melting nickel with 
pig-iron. Dr. S. H. Emmens found that gray pig-iron, melted 
with 10 per cent, of nickel under charcoal, gave an intensely 
hard alloy, which could not be machined, but which was never- 
theless gray, crystalline in fracture, and very strong. Mr. L. 
Dunham, Supt. of the Ashland furnaces, states that he has 
mixed nickel with cast-iron and finds that it will turn white 
iron to gray. 

Some experiments made for the Canadian Copper Co. by 
Mr. Crowell, of Cleveland, confirm these statements. No. 2 
charcoal pig-iron was melted, with varying amounts of nickel, 
and cast in sand-moulds into bars 1 inch square by 1 foot long. 
These bars were tested by transveree strain, being supported 
on bearings 7 inches apart. Four bars of pig-iron, free from 
nickel, broke under an average load of 4530 pounds. Iron, 
alloyed with 0.75 per cent, of nickel, showed a strength of 4400 
pounds. One per cent, of nickel gave 4175 pounds; 2 per 
cent., 4800 pounds, and 3 per cent. 5200 pounds, as breaking- 
load. The fractures were all of good gray surface. The gain 
of strength due to 3 per cent, of nickel was only 12 per cent. 
To test the effect on chill, two caatings were made in sand- 
moulds having one steel face ; one casting of No. 2 pig-iron 
was chilled white throughout, while the other casting, of the 
same pig-iron with 1 per cent, of nickel, was chilled only one- 
third ; indicating that nickel has a retarding effect on the chill. 

It is somewhat curious that the presence of less than 1 per 
cent, of nickel, whether in pure iron, steel or cast-iron, seems 
to produce a detrimental effect. In all of Rudeloit's experi- 
ments, the alloys with 0.5 per cent, of nickel, whether tested by 
tension or compression, were decidedly lower in elastic limit 
and ultimate strength than pure iron. In Mr. Hadfield's ex- 
periments, low-carbon nickel-alloys with 0.5 per cent, of nickel 
show a perceptible lose of strength. In a series of experiments 
made by the Canadian Copper Co. it was noticed that alloys 
with less than 1 per cent, of nickel were decidedly weaker 
than the same steel without nickel ; and the only plausible ex- 
planation was that in small amounts, under 1 per cent, nickel 
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aeemed to be a foreign element, producing weakness ; while in 
larger amounts, over 2 per cent., it seemed to unite with the 
steel and form a tough, homogeneous alloy. 

rV. — ITsBs OF Niokel-Steei.. 
The greater portion of the nickel-steel prodaced at the 
present time contains from 0.20 to 0.40 carbon and from 3 to 5 
per cent nickel. As this metal retains all the ductility of a 
low-carbon, and attains at the same time the strength and stiff- 
ness of a high-carbon steel, it has found a great variety of uses. 
In the following pages the opinions of steel-makers and eteel- 
users, in regard to the application of nickel-steel to various pur- 
poses, will be given, as nearly as possible, in their own words. 

Sailers. 
Mr. "Wm. Beardmore, speaking before the Institute of Engi- 
neers and Shipbuilders of Scotland, in 1896, smd : 

" With the growing demand for ships to attain a speed of 30 Imots, boilers to 
work at higher pressure, greater strength vilh lighter section, it would seem as if 
a better iroD were needed to supply the latest wants of engineers and shipbuilders. 
We require a metal which can be worked without any special care on the part of 
the artisan ; a metal which in ship-building will enable ua to reduce tlie scant' 
lings, take from the weight cf the boilers and add to the strength and reliableness 
of the propeller shafts. Kickel-steel fulfills all these conditions, and is, in mj 
opinion, a moat suitable metal with which to meet the demands for a metal 
stronger than steel. In nickel-steel of .26 carbon we bare a metal whose elastic 
limit is equal to the ultimate strength of ordinary carbonsteeL Mild nickel.«leel 
gives all the properties of high carbon metal, without the treacherous brittlenees 
BO paintolly evident in the latter."* 

At the Cleveland Eolliog Mill Co. the effect of 2.7 per cent. 
of nickel in flange-steel of 0.10 carbon was tested; the two 
metals, practically identical except as to nickel, gave the fol- 
lowing average results : 

EUftlo Ultimate Elon- Redoctlon 

Limit. Strength. gutioa. of Area. 

Lba.per8q. In. Lba.perSg.In. Percent, PercenL 

Flange-Steel, 0.10 C, . . 35,000 54,000 27.4 64 

" " 0.08 C, 2.69 Ni., 47,000 66,700 24,7 52 

The addition of 2.69 per cent of nickel to this grade of steel 
increased the elastic limit 31 per cent, and the ultimate strength 

* Beardmore, Tndastria and Iran, May, 1S96 ; Froe. Iiut. of Kav. Ar^tiUcU, 
April, 1897. 
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20 per cent., while the ductility (as shown by elongation) ie 
nearly the same in both steels.* 

Experiments in flanging nickel-steel plates of every thicknesB 
suitable for boilers show that this material is worked without 
any difficulty ; it can be readily forged and pressed into dies, 
without cracking, and its large elongation enables it to be 
worked to great advantagcf Comparative testa of boiler-plate 
for the United States vessel Chicago, with a boiler-plate made 
from the same metal without nickel, gave the following re- 
sults: 

EltxUc DUlmate Elan- ReducUon 

Limit. Strengtb. gKtton, oC Area. 

Ltx.perSq.iii. Lbs.pei8q.In, FeTceni. Per cent. 
Nickeleteel boiler-plate, . 61,S30 87,380 21.7 52.2 

C^bon-steel, . . . 31,840 60,650 27.0 49.5 

Mr. Landis says that when the boiler is made entirely of 
nickel-steel, thus preventing electrolytic action, there ie no doubt 
but that it is the best material yet applied to this purpose.^ 



Owing to the great length and high speed of modem steam- 
ships, it is necessary to make use of exceedingly high-grade 
material in crank- and connecting-shafte. 

The U. S. government requires that shafts for the navy be 
hollow ; and this custom is being rapidly taken up in general 
marine practice. A hollow-forged oil-tempered nickel-steel 
shaft has been made for the United States battleship Brooklyn : 
outside diameter, 17^ inches; inside, 11 inches; length, 38 
feet llf inches; weight, 19,112 pounds. Test^bars cut from 
this shaft gave a tensile strength of 94,246 pounds per square 
inch; elastic limit, 60,770 pounds; elongation, 25.55 per cent.; 
and reduction of area, 60.58 per cent. 

Prof. Merriman is quoted in a paper read before the Society 
of Kaval Architects and Marine Engineers, in 1893, by R. G. 
Davenport, as estimating the strength of these shafts, compared 
with solid shafts, when strained to one-half of their elastic 
limit, as follows : 

■ Sperry, "Nickel and Nlckel^teel," IVam. A. I. M. R, ixv., S3 (March, 
1895). 
t U. Wig{pD, Iron and Sud Intl., Aug., 1895. 
t "Nickel-Ste«l," Sdtr^fie Amtrinan, Jan. 9, 1897. 
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Propeller abaft, United States battleship Brooklyn, nickel-eteel : 

(a) Horae-power transmitted, at 60 revolutions per minnte, 15,780. 

(b) Load, in pounds, at middle of a span of 12 teet on two supports, 

276,200. 
8imple-ste«l shaft, solid, 13 inches in diameter (same weight as above) : 

(a) Horae-power, transmitted under similar conditionB, 5130. 

(b) Load, in pounds, under similar conditions, 89,000; comparative 

strength, 3 to 1. 

" A solid shaft of simple steel of the same strength as the 
nickel-steel shaft would be 18.9 inches diameter and weight 53 
per cent, more."* 

The shafting for the battleship Iowa is of nickel-steel con- 
taining 0,27 carbon and 3.19 nickel. An average of 48 bare 
cut from this shaft gave the following testa : 



Elastic Limit. 


Ultimate Strength. 




ReducHoQ of 


Lbe. per Sq. In. 


Lbs. per 3q. In. 






60,000 


94,500 


246 


59.5 



The great gain in elastic limit permits reduction in section, 
with consequent saving of weight in heavy moving parts of 
high-speed engines-t 

The American liner Paris has had constructed for her a 
spare length of shafting of nickel-steel, which has a tensile 
strength of 90,000 pounds per square inch, probably 25,000 
pounds more than any British or German shaft.J 

The nickel-steel shaft for the North German Lloyd steamer 
Kaiser "Wilhelm der Grosee weighs 83.3 metric tons (183,593 
pounds), ia 45 feet 9^ inches long, and shows a tensile strength 
of 39.4 tons (88,256 pounds), with 20 per cent, elongation. § 

Mr. Beardmorell points out that a very striking feature of 
nickel-steel is, that a crack appearing in it will not develop, as 
in carbon-steel. One of the most frequent oauses of casualties 
at sea, he says, is the breaking of propeller-shafts, due to the 
development of some flaw in the shaft. Having a number of 
bars made, IJ inches square by 18 inches long, of nickel-steel 
and of ordinary steel, of the same carbon-content, he subjected 
them to the usual fatigue-tests. The carbon-steel was fractured 

• " Fatigue of Metals," H. F. J. Porter, Franklin Inat., Dec., 1897. 
f "The Advantage of Kickel-St«el over Carbon .Steels," Commander J. G. 
Eaton, U. S. N. i The Steanithip, June, 1894. 

i Slaid und Eisen., vol. ivii., pp. 484-48-5. 
II Beardmore, Insi. Nav. Arck., April, 1897. 
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after 5 blows and broke after 12 blows, while it required 7 
blows to fracture the nickel-steel and 85 blows to break it. He 
aays that nickel-steel tears gradually, while carbon-steel, once 
cracked, breaks short, and adds that, in his opinion, if propeller- 
shafts were made of nickel-steel, the question of failures would 
seldom or never be raised, for the reason that, should a crack 
appear at all in nickel-steel, it will not develop as it would in 
ordinary carbon^teel. 



In discussing recent improvements in the manufacture of 
engine forgings Mr. Davenport said, in 1895:* 

' ' In the higheet development of the modern marine engine, reduction of weight 
of all parts is of prime importance. A very pronounced improvement in strength 
and toughness can be obtained by the use of nickel-steeL The use of nickel allows 
a reduction of carbon, mahep the st«el more sensitive to temper, and facilitates 
the tempering of irregular GhapeB. In cases irhere, owing to thickness of sections 
and irregular shapes, tempering is not advisable, nickel-steel wilt show a higher 
combination of ' elasticity and tonghneas than any other material known." 

This opinion was corroborated in 1897 by the Railway Gazette, 
which Baid:f 

"It is conceded by the best authorities that from nickel-steel, properly worked, 
forginga of such parts (locomotive cross-head pins, crank-pins, piston-rods and 
driving-ailes) can now be made which greatly excel similar forgings of all other 
mttterials in elastic etrength and toughness." 

Mr. Porter, of the Bethlehem Steel Company, discussing this 
topic before the Western Society of Engineers, observed: J 

"Breakages of crank-pins and piston-rods of locomotives have caused mechanical 
men to seek a metal of high elastic limit and elongation which will successfnlly 

resist (he severe Bltemating stresses to which they are aubjected Mild 

steel for connecting-rods should contain-0. 20 to 0.25 carbon, and show, in specimens 
tour diameters in length, a tensile strength of not less than 57,000 pounds per 
square inch, and an elastic limit of not less than 27,000 pounds, with an average 
elongation of 25 per cent. 

" For the general run of engine-forgings, where little machine work is required, 
it is advisable lo use a higher.carbon steel, with a tensile strength of about 75,000 
pounds per square inch and an elastic limit of 35,0!lO pounds per square inch, 
together with an average elongation of 20 per cent, in four diameters, 

"For such parts as crank-pins, cross-bead pins and parts of machinery subject 
to severe alternating stresses and wearing action, a still higher grade of steel is 

* E, Q. Davenport, CSiesier's Mag., August, 1895. 
t Railroad OaielU, December 17. 1897. 

J H. F. J. Porter, Western Soe. (^ Engrt., October 7, 1896 ; Baiiroad Oaxellt, 
October, 1898. 
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lecommeiided. Such steel should have a teDsile strength of about 85,000 pounds, 
an elastic limit of about 40,000 pounds per square inch, and an elonKstion of 15 
per cent, in four diameters. If such forgings are tempered, the teneile strength 
will become about 85,000 to 90,000 ponndn per square inch ; elastic limit, 45,000 
to 55,000 pouuds per square inch, and elongation 15 to 20 per cent. Bj intro- 
dn<3ng about 8 per cent, of nickel into steel, a &ue\j-gi%wi\&c condition results 
and a high qnalit; of steel is obtained. By hollow-forgin}; nickel-steel, a material 
is obtained excelling all others known in e1a«tic strength and toughness. Such 
for^Dgs were used for the crank-pins, cross-head pins and ailes of the new Purdue 
locomotive, Schenectady No. 2, while the piston-rods were of the same material, 
but forged solid. Test-bars of this material, j-inch in diameter and 2 inches 
between measuring points, showed the following physical characteristics: 

Tablk XXXl.~^Test of Nkkel-Sleel Forgings. 

O.SSC.,3.5XL 

Pounds per 

Oil-Tempered. Annealed Nlckel-Sleel. Square luch. 

Tensile strength, 91,000 

Elastic limit, 57,000 

Proportion elastic to tensile, 62.4 

Elongation, 25.05 

Contraction, 56.45 

" If we represent the strength of a solid wrought-iron shaft 14 inches in diam- 
eter and 30 feet in length, as shown in the upper figure, by the figure 1, a solid 
steel shaft of the same dimensions wonld be represented by the figures 1.29 ; if we 
were to make it of nickcl-steei, its strength would be represented by 2.0. Now, if 
we were to take the same iron shaft and simply bore and anneal it, putting a 3j -inch 
hole through it, its strength would be represented by 1, just the same as the upper 
shaft; if we subsequently oiI-t«mper it, its strength would be 1.89. A hollow 
forged-steel shaft of the same weight as the first, but of 22-inch outside diameter, 
with a 17-inch hole through it, wonld be represented by the figure 4; if oil- 
tempered, 5) ; if made of nickel-steel, ita strength would be repreaented by the 
figure 6, and if oil-tempered, by the figure &"* 

Speakiug of the use of nickel-eteel shafting in torpedo-boats, 
where reduction of weight is demanded, Mr. Davenport 8ayB;f 

"The possible rednction in the weight of shafting for torpedo-boais by the use 
of steel of high elastic limit is exemplified in the case of the shafting made by 
the Bethlehem Iron Co. for the HerreschoS Manufacturing Co., to be used in 
Torpedo Boats 6 and 7. The first iuquiry called for sohd shafts, about 6 inches 
diameter, of 80,000 pounds tensile strength and 26 per cent, elongation in 2 inches 
hy i inch diameter. To meet these requirements it was proposed to use nickeT- 
steel annealed, but not oil-tempered, of which the elastic limit would be about 
50,000 pounds per square inch. It was pointed out by the manufacturers that if 
the shaft was bored and tempered, an elastic limit of 66,000 pounds, with an 
elongatiou of 22 per cent., could be guaranteed, and that if the elastic limit were 

• H. F. J. Porter, "Fatigue of Metals," Jour. Fi-ank. iTWt, December 7, 1897. 
t "Steel for Marine Forgings," Oamier'a Mag., August, 1897. 
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raised from 50,000 to 66,000 pounds, a hole 4.16 inches in diameter could be bored 
through « shaft 6 inches in diameter, bj which its weight could be reduced one- 
half without reducing ita torsional strength. 

" The shafts were made of aickel-steet, 6 inches in outside and 4 inches inside 
diameter, tempered and closed in at both ends. The average physical qualities 
shown bj official specimens cut from these shafts were : 

Tenille SiieDBth, EluElo Limit. ElODiaUoD. 

Pounds. PonudB. Per cent, 

101,000 68,700 22.12." 

The alternating streBses to whitih the moving parts of engines 
are subjected, stresses much short of the elastic limit of the 
metal, will in time cause a molecular fatigue which gives rise 
to rupture. On this point Mr. H. K. Landia sajs : 

"Where a steel of 0.20 percent carbon will witlistand 300,000 double stresses, 
on an alternate stress machine, a 0.50 carbon.8teel will probablj break at 400,000, 
and nickel-steel at 1,500,000 to 2,050,000 such double stresses, each stress being 
two-thirds of its ultimate or very near its elastic limit."* 

In complicated engine-forgings it frequently happens that, 
owing to the shape or size of the article, oil-tempering is im- 
practicable. With reference to such contingencies, Mr. Colbyt 
observes that in cases where oil-tempering is not practicable and 
special requirements are demanded, they can be obtained by 
using a somewhat softer and tougher steel, and the introduction 
of from 3 to 4 per cent, of nickel. 

In the same connection the observation of Mr, Hadfield is of 
interest, that the addition of nickel, either by conferring greater 
homogeneity, or by some particular combination with the iron 
or carbon present, or both, appears to confer properties upon 
the alloy equivalent to an annealing; or, if annealing be em- 
ployed, to reduce the stress produced by forging; it does this 
without injury or seriously lowering the elastic limit. 

These reasons have led to the adoption, by a number of rail- 
ways, of nickel-ateel for piston-rods, crank-pins and other mov- 
ing parts of en^nes which are subjected to severe strains. On 
this subject Mr. J. E. Johnson, of Longdale, Va., in a paper 
read before the American Society of Mechanical Engineers,! 
relates the experience of the Longdale Iron Co. with piston- 

* H. K. Landia, Seientifie American, January 9, 1697. 

t A. L. Colby, "High^irbon Steel tor Forgings," Eng. Olvb (g PhUa., Not,, 
1896. 

X Trant. Am. Soe. Mteh. Engn., voL xiz. 
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rods in Baldwin locomotives. Two piston-rods of ordinary 
machine-steel, after about fourteen months' service, hroke and 
smashed the CTlinder-heads, Soft Swedish iron waa then tried, 
and after four months' service one of these hroke in the same 
way. The breaking of the rod of soft material was not very 
surprising, and was met by ordering material for a set of rods 
of bigh-carhon and one of nickel-steel. These have been in 
use over two years and have given perfect satisfaction. 

Bailway- Axles. 
The rigidity and elasticity which nickel-Bteel manifests under 
drop-tests, and which have been examined under the head of 
the rigidity of nickel-steel, have led to its use in railway loco- 
motive- and car-axles. Over 600 freight-ears of 100,000 pounds 
capacity, for the Pittsburgh, Bessemer and Lake Erie railway, 
have been equipped by the Carnegie Steel Co. with axles of 
nickel-steel. Of the tests of these axles, shown in Table XVII,, 
Mr. "Wood says:* 

" When carbon-sleel breaks under the falling hammer, it breaks short and goei 
'all at once,' Nickel-steel shows much greater rigidity than carbon-steel; and 
when it does break, it yields bj a gradual cracking-in from the oppoBite sides. 

" Nickel-Bteel gives warning ; carbon steel does not. Ailes of 0. 25 carhon and 
3 to 3.25 per rent, nickel are as stiS as 0.40 to 0.45 carbon; Lbat is to say, the 
amount of deflection produced by the blow of the falling weight is about the same 
in a 0.25-carbon nickebateel aa in a 0.40 U) 0.45-CBrboD simple steel, while the 
nickel-ateel is much tougher ajid will withstand 50 per cent, more blows." 

Sailwai/-Tires. 

When a locomotive at full speed strikes a curve, the safety 
of the train depends upon the resistance of the tire-flanges on 
the rails to the tangential force, which, if unchecked, would 
carry the locomotive forward in a straight line. It is customary 
in England to use low-carbon, and in the United States to use 
high-carbon steel tor railway-tires. In either case the very best 
material obtainable (that which shows the greatest resistance 
to strain, combined with the power of resisting a sudden 
shock) is emphatically necessary. 

" The usual specifications for railway-tires," says Mr. Beard- 
more, " demand that they shall stand eorapression one-sixth of 
their diameter without cracking," 

* Mr. E. F. Wood, Carnegie St«el Co. Private 
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From a number of nickel-steel tires made at the Parkhead 
Forge, in Glasgow, one containing 0.18 carbon and 3 per cent, 
nickel gave the following physical testa : 

Table XXXIL—Test of Nickel-Sled Tire. 

Dlitatic limit, 56,000 lbs. per Bq. in. 

Ultimate gtrength 87,000 " " 

Elongation 2B.7 per cent. 

CoDtraction, 4ti " 

This tire, 39J inches in diameter, was preseed down to 19 
inches (three times what the epeeifications demanded) without 
showing signs of fracture. These results could not have been 
obtained from any other metal of 0,18-carbon known to me.* 

HulJ^Plates. 
The collision or grounding of steel vessels brings an enor- 
mous and suddenly-applied force to bear upon a small area, the 
effect being similar to the blow of an armor-piercing shell. 
Under such circumstances the brittleness of carbon-steel offers 
much contrast to the toughness of nickel-steel. Saye Com- 
mander Eaton ;t 

"A comparative test between a nickel-ateel plate and a carbon -steel plate, mails 
with a yiew to subjecting them to tbe same attains aa those experienced b; vessels 
(jronnding, diHcloPed the fact that nickel-steel naa fur better adapted for plating 
and frames than ordinary steel. Both platea were riveted to angles in a manner 
intended to imitate the riveting of a ship's plate between the frames. A round- 
faced punch, placed on each plate, was then struck bj a heavy falling weight. 
The diameter of the punch was 3 inches, and the head was carefutlj rounded to 
preclude cutting edges. Sach plate endured 13 blows before rupture ; but at the 
next blow ench plate showed a clean aperture ; that in the carbon plate was 23. 1 
■quare inches in the clear, while the aperture in the nickel plate was hut three- 
quarters of a square inch. 

" It these holes had been opened in a ship's bottom, at a depth of 25 feet, tbe 
rates of inflow would have been 1 1 tons per minute in the carbon-plate, and 0.38 
ton in the nickel-plate. It would seem that comment on these figures is unnec- 
essarj. It should be stated that neither plate was annealed, an omission which 
counted more heavily against the nickel than against its competitor. The nickel- 
plate preserved its shape, and in a remarkable degree absorbed the energy of tbe 
blows without transmitting wrecking-strains to the angles. The carbon- plate was 
twisted and bulged, and the angles holding it were bent so badly that the whole 
Btructure was on the point of being wrecked-" 

* Wm. Beardmore, " Nickel Steel, etc.," Inst. NtMd Artk., April, 1897. 
t "The Advantage of Nickel-Steel Over Carbon -Steel." See Bibliography at 
the end of this paper. 
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The fact that Iobs by corroaion of oickel-steel in salt and 
freeb water ie much less than carbon-steel* constitutea an addi- 
tional factor in its fitness for hull-plates. 

In niekel-Bteel for the hull-plates of veseela a tensile strength 
of 86,000 pounds, with an elastic limit of 60,000 pounds, has 
been obtained, together with sn elongation of 20 per cent 
Similar plates of ordinary steel would have a tensile strength 
but little over the elastic limit of nickel-steel, with an elastic 
limit about one-half that of nickel-steel, f In the case of 
steamships, the saving of weight that could be effected by the 
use of nickel-steel, and the increased capacity for coal or freight 
thereby attained, would increase greatly the earning power of 
the invested capital. 

The British Admiralty requirements for ships' plates are 
from 26 to 30 tons (58,240 to 67,200 pounds) tensile 8trengt"h. 
Nickel-steel (about 3 per cent. Ni) gives 52 tons (116,480 
pounds) tensile strength, and the ykld-point is 28 to 30 tons 
(62,720 to 67,200 pounds), equal to the ultimate tensile strength 
required by the Admiralty-J 

Amuyr-Plate. 

The adoption by the United States government of nickel- 
steel as a material for armor-plate dates from the testa made at 
Annapolis, in 1890, of simple carbon-steel plates, compound 
plates of steel and wrought-iron, and unhardened nickel-steel 
plates. The results of these trials are too well known to need 
further comment. The resistance obtained with the nickel- 
eteel plate far exceeded the expectations. At the fifth shot, 
with a striking energj' of 4988 foot-tons, an 8-inch armor-pierc- 
ing projectile broke in many pieces, after having forced its 
point but lOJ inches beyond the back, and without developing 
a sign of a crack. Never before in the history of modem 
armor had a plate given results to compare with these, with- 
standing a total energy of 16,940 foot-tons, — 1835 foot-tons per 
ton of plate — without developing a single crack, and without 
being perforated. § 

* See page 38. 

t "Nickel-Steel, etc," H. A. Wijtgin, IrtmaytdSlrdliwt, Aupwt, 1895. 

t "On Nickel-Steel," Wm. Beardmore, Imt. Engre. and Shipbviidtn 0/ Scot- 
land, March, 1896. 

i "The Y«ir'a Naval ProgreM," July. 1891, Proe. Uttiied SUiiei Nawi In»t., 
VoL zxi.. No. fi ; Jour. Frttnldin InH, Also Report of Secretary of United States 
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These results proved, beyond qaestioa, the superiority of 
nickel-eteel as a material for armor-plate, and led to the deci- 
sion of the Armor Board to use niekel-steel armor for the new 
battle-ships and cruisers of the United States navy. The aver- 
age compOBition of the steel used is 3.25 per cent, nickel and 
0.25 carbon. This forms an exceedingly tough and homoge- 
neous metal, in which hardness is aflerwards produced by the 
Harvey process of carburization. The finished armor-plate 
contains on the exterior face, about 1 per cent, carbon, which 
gradually diminishes until, at a depth of 2.5 inches, the original 
composition of 0.25 carbon is found. This plate can now be 
oil-tempered, annealed or subjected to any other heatrtreatraent 
desired. Admiral Sampson, speaking of the use of nickel in 
armor-plate, says :* 

"To any metallurgist acquainted with the infinitude ot reBUlta that may be 
obtained by a variation in the composition and treatment of simple steel, ibe 
advantageous possibilities arising from the introduction of so benign aa ingredient 
as nickel must be apparent. In other words, where simple Bteel is strong and 
tough, both qualities may be improved by adding the proper amount of nickel. 
The susceptibility ot nickel-steel to treatment is remarkable, and yet this steel 
may be abused in the most shameful way without failure. Nickel appears to 
render ihecarbon more sensitive (o hardening, and hence water-hardened Harvey 
plates of nickel>ateel are toughened at depths hardly affected in simple steel 

The adoption of nickel-steel as material for armor-plate by 
the Uuit«d States government has led to its use by all the 
great powers ; and at the present time nickel-steel is used, 
either in part or exclusively, as material for armor-plate and 
protective deck-coating in nearly all modern war-vessels, 
wherever constructed. 

Slructural Beams and Shapes. 
Mr. H. H. Campbellf observes that the strength of a bridge 
of a given weight and design, the weight of a bridge of a given 
strength and design, and the longest span possible under a 
given design are all limited by the elastic strength of the mate- 
Navy; and F. L, Garrison, "Development of American Armor-Plate," Jour. 
Franklin InsL, Jnne, 1892. 
• " The Present Status of Face-Hardened Armor-Plate," Soc. Sav. Areh. and 
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rial used. These well-underetood axioms point naturally to the 
use of steel possessing high elastic limit; but this tendency is 
opposed by the no less well-known fact that as the elastic 
strength of steel is increased by ordinary strengtheDing-inia- 
ences, there is a reduction either in the static or the shock- 
ductility. 

Mr. B, W. Davenport* remarks that an examination of the 
physical characteristics of this metal (nickel-steel) shows it to 
possess valuable qualities which explain its toughness and re- 
sistance to shock. The effect of nickel upon the elastic limit 
however, of the greatest importance, as it raises this quality 
a marked degree, relative to the tensile strength, and thus 
insures a combination of elastic strength and ductility, or 
toughness, unknown in any other metal. 

Nickel-steel shapes, beams, and T and Z bars, made for the 
United States navy, have been tested by Commander J. G. Eaton. 

" The chemical and physical qualities are typified in the following record : 

"Carbon, 0.25; sulphur, 0.023; manganese, 0.68; phosphoraa, 0.010; niclcel, 
3.30 ; tensile strength, 87,580 pounds ; elsatic limit, 62,700 pounds; elongation in 
8 inches, 22 per cent, ; reduction of area, 52 per cent. 

" The Z bar v/as one of a lot and not specially selected. It was unanncaled and 
of basic open-hearth. Specimens 2 inches in width and 12 inches long closed 
cold on themselves, without sign of fracture and with a total absence of hair- 
cracks. The same bar was then annealed at a temperature of 1600° F. and again 
tested as follows ; 

" Tensile, 84,640 pounds ; elastic limit, 59,500 pounds ; elongation in 8 inches, 
24,5 per cent. ; reduction of area, 54 per cent. 

"A bar of mild steel of the same chemical oampoBition.bul without the nickel, 
showed on similar tests : 

"Tensile, 62,410 pounds ; elastic limit, 36,420 pounds; elongation in 8 inches, 
26.25 per cenL ; reduction of aiea, 58,5 per cent. 

" It needs only a glance at these figures to note that the gain to the working-load 
has been increased in the ratio of 36 to 59, or practically 64 per cent., while the 
elongation is at a figure sufficient tor all ordinary purposes."! 

The increase in elastic limit by the use of nickel in steel 
makes possible an increase in the span, or a decrease in the 
weight, of bridge -sections. The resistance of nickel-steel to jar- 
ring shock renders its use in eye-bars for bridge-construction 
particularly desirable. Such eye-hars are subject to repeated 
jarring strains; and the failure of an eye-bar means the collapse 

• Ca»sUr'e Mag., August 18, 1897. 

t Commander J. G. Eaton, U, S. N., " The AdvanUgea of Nickel-Steel." 
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of a bridge. The necessity thus arising for the use of a steel 
with high elastic limit (about 70,000 pounds) has led to the use, 
in some cases, of 0.40-carbon simple steel. This percentage of 
carbon renders steel sensitive to heat-treatment; and, in heat- 
ing to forge the eye, the bars are in danger of becoming crys- 
talline by over-heating. The same high elastic limit can be 
obtained by using an 0.18- to 0.20-carbon steel, with 3 to 3,5 
per cent, of nickel, which steel ie much less liable to damage 
by overheating than the simple steel of higher carbon.* 

Eicets. 

Mr. Beardmoref reports that, having satisfied himself that 
nickel-steel was reliable, as regards punching, he had some 
rivets made of this metal, which were found to be considerably 
tougher than ordinary rivets. They gave a tensile strength of 
35.7 tons (79,968 pounds) per square inch, with an elongation 
of 36 per cent, in 1.25 inches, and a contraction of area of 60 
per cent., and were very ductile. An ordinary and a nickel- 
steel rivet were nicked with a chisel and hand-haramer and then 
broken. In the case of the nickel-steel the fracture was fibrous 
and the metal appeared to have torn gradually, whilst the ordi- 
nary carbon-steel rivet bad broken short olf. 

Some very interesting and important experiments were re- 
cently made at the works of the Bethlehem Steel Co. by the 
Engineer of Tests, Mr. Mauneel White, for the purpose, not 
only of ascertaining the reliability and comparative efficiency 
of nickel-steel for general riveting, but also of observing the 
effects of working rivets of this material at different degrees of 
heat. The results were such as to remove all doubt as to the 
possibility of working these rivets safely within perfectly rea- 
sonable limits and with the exercise of only ordinary care. 
Two series of tests were made, the arrangement of the plates 
being for the first test as shown in Figs. 4 and 5, and for the 
second test as shown in Fig. 6. 

The results of the first series of tests were as follows (see 
Fig, 7): 



• E. F. Wood. Camegie Steel Co. Private ci 
t "Nickel-Steel," IneL Engri. and ShipbvUden of Scotland, March, 1 
diufriM and Iron, Ma; 1, 1896. 
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Method of Testing Nickel-Steel Rivets— Single Shear. 
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Method of Testing Nickel-Steel Rivets— Donble Shear. 
(From JiMtr. Ain. Soe. Naval Engre.) 
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Nickel-Sleel KiveU--Si ogle-Shear Tests. (See Table XXXIIl.) 
[From Jour. Am. Soc. Naval EngrB.) 
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Kickel-Steel Eivels— Double-Shear Tests. (See Table XXXIV.) 
(From Jour. Am. Soc. Naval Enffrt.) 
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(From Joar. FranHin hat, ) 
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II the Manufacture of Nickel-Steel Tubes, by the Pope Manufacturing Co., 
Hartford, Conn. 
(JTrora Iran Age.) 
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Making Kickel-Steel Tubes. 
Fio. 12. 



Straightening Nickel-St«el Tubes. 
(From Iron Age.) 
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Fia. 13. 



Nickel-Steel Slabs and Bicycle-Tubing, at the Works of tbe Pope Manufacturing 

Co., Hartford, Conn. 

(From Iron Age.) 



Interiorof Works of the Creacent Steel Co., HtUbui^h, Pa,, Manufacturers of Crucible 
Nickel-Steel. 
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Table XXXIII.— Teste of Nickel-Steel Rivets. 
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Heads broke off. 
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The letters A, B, C and D refer to the heat used in riveting, 
as follows: A, bright cherry-red; B, light-red; C, yellow; 
T>, almost white. The numerals 1 and 2 coupled with these 
letters refer to the grades of nickel-steel used in the rivets. 

The second aeries of tests was made with rivets in double 
shear. In these teste, two rivets in each plate were driven at 
different heats. In four joints, heats A and B were used, and 
in the other four joints heats C and D. The results of this 
second series, double-shear teste, were as follows (see Fig. 8) : 

Table XXXIV.— Teste o/ Nickel-Sleet Rivets. 
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In order to make some comparison between niekel-steel and 
the ordinary steel rivets, two teet-pieces were made with ^-inch 
ordinary steel rivets, and were marked E and F. In single- 
shear, J-inch steel plate was used, with holes 2 inches from edge 
of plate. In double-shear, ^-inch steel plates were used, with 
|-inch steel-plate welts, and the holes were 2 inches from the 
edge. The results were : 
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Table XXXV. — Tests of l-I»ck Common Steel Ritets. 
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From these results Mr, White Hayn it may he safely deduced 
that a |-ineh nickel-steel rivet will replace a ly'g-inch, or even 
posaihiy a IJ-inch, common steel rivet, thns ettecting a saving 
of considerable plate-section and giving increased strength,* 

These results, obtained in practical work, oiFer a very strong 
corroboration of the results deduced by Prof. Rudeloff in his 
experiments on the effect of nickel upon the shearing-strength 
of iron, referred to on page 29. 

Sleam-Hammer and Rack-Drill Pislon-Ttods. 

The piston-roda for steam-hammers are particularly liable to 
what has been termed molecular fatigue ; they are subject to 
continued shock, to resist which they must possess a very high 
elastic limit. 

Fig. 9 shows the experience of the Bethlehem Steel Co. with 
rods for their 125-ton hammer.! The first rod was made of 
high-carbon open-hearth steel, hydraulically forged, with a 
4-inch hole running through the entire length, and having an 
outside diameter of 16 inches. The failure of this rod was 
attributed to partial crystallization and to its being too high in 
carbon, and, therefore, too brittle. These were the usual rea- 
sons given for failure under similar conditions in those da^'s. 
Consequently, the next rod was made of a steel much lower in 
carbon, in the hope that it would withstand the effects of shock 
better. This supposition proved to be erroneous, and this rod 
failed after a shorter service than the first, and its failure was 
much more serious. About this time the advantages of mate- 
rial with high elastic limit became known, and the third rod 
was made of nickel-steel. The dimensions were changed some- 
what; the outside diameter was changed from 16 to 17 inches, 
and the hole was made 8 inches in diameter for 22 inches from 



• "Nickel-Steel Rivets," Joar. Amer. Soc. A'ainS En^i., November, 1898, 
Fig9. 4 to 8 inclusive have been taken from this paper. 

t This statement is talten from the paper of Mr, H. F. J. Porter, Jow. Frcmk. 
Imt., December, 1897. 
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the top ; the balance was made 7 inehee instead of 4 inches, as 
before. This rod has fulfilled all expectations. The amount 
of deflection of the two rods which failed is shown in the 
figure, which exhibits also the character of rod now made for 
users of rods who want something that will last a long time. 

At the Crescent Steel Works, in Pittsburgh, nickel-steel rods 
were substituted for carbon-steel in a battery of steam-hammers 
over a year ago. The hammers range from 300 pounds to 7 
tons, the same material (3 per cent, nickel and about 0.30 car- 
bon) being used in all. These rods have thus far given perfect 
satisfaction.* 

In oil-tempering steel-forgings the objects to be tempered are 
suspended from a bar which carries a spider, and this bar is 
plunged into the oil-bath together with the object to be tem- 
pered. A bar of rectangular section subjected to this repeated 
heating and cooling tends to become cylindrical in section, and, 
if made of simple steel, will develop a longitudinal crack. As 
nickel-steel will, in this position, last much longer than simple 
steel, it is used for this purpose in the Bethlehem Steel Com- 
pany's tempering- and annealing-department. 

The same quality which enables niekel-steel to resist rapidly 
alternating strains renders it very serviceable in rock-drills, for 
which purpose it is largely used. The Sullivan Machine Com- 
pany says on this subject: 

" Some years ago we made some experimeots Id thejiae of cickel-steel in parts 
of machines where we had previouBly used iron or open-hearth or crucible- eleeL 
The parts mentioned were particularly liable to breakage, either from strain or on 
account of crystallization. After an experience of several years, daring which we 
have considerably extended the use of the niclcel- steel, we have become satisfied 
that it is an im prove ment over the iron and steel we had been using (though we 
had always used the best of ordinary products), the machine parts made from nickel- 
steel being less liable 1o break on account of weakness or crystallization. We 
believe also that the nickel renders the wearing parts of machines, which run on 
other parts, less liable to cut — the nickel apparently having the property of making 
the surfaces smooth with wear, even though not always properly oiled, "f 

This statement concerning the reduction of friction by the 
use of nickel is corroborated by the remarks of Mr. H. T. 
"Williams, quoted above, under " Influence of Nickel on Hard- 
ness," and also below, under " TTickel in Tool-Steels." 

• Mr. McDonald, Crescent Sleel Works. Private common ication. 
t T. W. Fry. Sec. Sullivan Machine Co., Claretoont, N. H. Private comma- 
nication. 
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On this subject Mr. Harold E. Eames* says, that in 
approaching the consideration of the selection of a suitable 
material for bicyele-tubes, it should he borne in mind that not 
only must the bicycle provide strength enough to resist the 
maximum shock of any kind likely to be incurred in ordinary 
riding, but we must also insure that the life of the structural 
parte of the machine under the same conditions equals, if possi- 
ble, that of the bearing and working parte. He adds that it 
would be necessary merely to select that composition of steel or 
its alloys which gave the greatest strength in the annealed state, 
and that eteel alloyed with about 5 per cent, of nickel seems to 
fill this first requirement better than any other material in what 
might be called commercial existence. 

This tubing, containing 5 per cent, of nickel, is made and 
largely used by the Pope Manufacturing Company, of Hart^ 
ford. Conn. In its circular on the use of tubing the Co. sayB:f 

'Tor handle-bars and Bhafts, seat-posts and rods, which admit of oil- hardening 
after all the bracing operations liave been completed, nothing can approach the 
5 per cent- nickel in rigidity and safety. In the oil-hardened state tliia material 
has developed an ultimate strength ot not far from 2-10,000 pounds per square 
inch, vfith an elongation ample to afford insurance against sudden rupture. An 
oil-hardened nicliel-Gteel handle-bar is both strong and lough, and fortunately ia 
altogether beyond the realm of eiperimeut, as not less than 150,(00 of them have 
been produced and tested in actual use, with the greatest satisfaction to the manu- 
facturer and rider. The use of this material also solves the difficult question iil 
providing a seat rod which will really resist the collapsing effect of the Baddle- 
cl&mp and a seat-pcst which will resist the effect ot the head-clamp." 

The following is a description of the manufacture : 

From the plate of nickel-steel received from the manufactu- 
rer a circular disc is stamped out, as shown at the left in Fig. 
10, which illustrates the several operations of cupping to which 
this steel is subjected. This blank is then taken to the double- 
acting hydraulic press ; the blank is held between the two sur- 
faces of the outer slide, while the center or drawing-slide, which 
has a much longer stroke, pulls the metal from between these 
surfaces and forces it through the center die, the result being a 

* "Consideration of Material for Bicycle Tubing," N. T. Iron Age, June 18, 
1896. 
t Pope Mfg. Co. Circular on "Pioneer Tubing," 
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compflratively wide and shallow eup. The cup thus formed is 
absolutely free from any indication of wrinkle or crack at the 
side ; and there ia no evidence that the metal has been in any 
way tortured. The cup at the second drawing is reduced in 
diameter and considerably lengihened, the final operation being 
done upon the hydraulic draw-pre88, which is eingle-acting, i.e., 
it ie provided with only one plunger, which has a stroke long 
enough to give the shape shown in Fig. 10. The completed 
tube is shown in the same engraving, and one of the 0.50-carbon 
steel billets.* Figs. 11, 12 and 13 (taken, together with Fig. 
10, from the Iron Age) further illustrates this manufacture. 

Nickel in Tool-Steels. 

The advantages gained by the use of nickel in the soft- open- 
hearth steels seem to warrant the expectation that a corre- 
sponding gain would accrue from its use in high-carbon cruci- 
ble-steels. The difficulties attendant upon the formation of 
such an alloy have deterred many from using nickel in tool- 
steels ; — the ease with which nickel absorbs oxygen introducing 
an element of uncertainty into its manufacture. 

Mr. H. J. "Williams, of the Damascus Steel Co., of Pittsburgh, 
has given to this subject much experimental investigation, and 
the results of his researches are here for the lirst time made 
public. Mr. Williams says : 

" The difficulty in the manufacture of nickel-steel for tools is 
caused by the tendency of nickel in the presence of high-carbon 
to develop seams, unsoundneBS and partial oxidation. These 
difficulties have been overcome, and sound billets of niekel- 
eteel of any desired percentage in nickel or carbon can now be 
obtained. 

" The working of these billets into tools or wire-rods presents 
no especial difficulties. The nickel-ateel works tougher than 
simple steel ; causes more rebound of the hammer and necessi- 
tates a lighter draught on the rolls or dies. 

"For tools, the alloy containing about 0.80 carbon, with 3 
per cent, of nickel, is probably the best alloy for every-day use. 
Increasing the nickel to 5 or 6 per cent, increases the strength, 

t "The Manufacture of Bicjcle Tubing; a Description of the Pope Tube 
Worki," Iron Age, Jan. 7, Jan. 14 and Mar. 4, IS97. 
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but iieceesitates Bkilled treatment in forging. Tool-steel with 
0.80 carbon and from 3 to 5 per cent, nickel, poseeases all the 
bardness of high-carbon simple steel, witbout its brittleneas. 
Nickel-steel shows very pronounced toughness. " If nicked when 
hot, and then struck on the anvil after it has cooled, it is very 
liable to break under the hammer — not at, but beyond the 
nick; while carbon-steel almost invariably breaks at the point 
where it was nicked when hot This nickel tool-steel has a 
satin grain and does not crack on quenching as readily as sim- 
ple steel ; the tensile strength runs as high as 260,000 pounds 
per square inch. A nickel-steel tool containing 4 or 5 per 
cent, of nickel, with 0.80 carbon, is as hard after tempering as 
the best wmple tool-steel of 1.00 to 1.25 carbon, without the 
brittleness and glassy nature which distinguish the latter. 
When used for drills, the nickel-steel appears to work with 
much less than the usual friction, and does not become so hot 
in use as carbon-steel. 

" Up to 6 per cent, of nickel, the hardness obtained by 
quenching is sa largely dependent on the amount of carbon 
present as in simple steels, the only difterence being that nickel- 
steels appear to attain a desired temper with 0.20 to 0.30 per 
cent, less carbon than simple steels. Nickel-steels are conse- 
quently exceedingly sensitive to heat-treatment, but, on the 
other hand, are less easily spoiled by overheating, and therefore 
may be worked at somewhat higher heat than a carbon-steel 
that will ^ve the same temper."* 

If the nickel be increased to over 6 per cent., tempering and 
hardening by quenching does not seem to have much effect 
upon the metal. This is especially noticeable when nickel 
rises above 12 per cent.; and at 18 per cent, the influence of 
carbon is almost neutralized. In the 18 per cent, nickel-steel 
the same hardness is obtained with 0.30 carbon as with 0,75 
carbon, and the metal possesses its maximum of strength and 
elasticity at about this percentage of nickel. Further increase 
in nickel causes an openness of structure and a consequent 
softening, t 

* H. J, Williams, Damascus Steel Co. Private communication. 

t See Budeloff, Verein tar B^rdemng da QevjtrhfieiiMs, Feb., 1896, p. 82. 
"EJasticitf under pressure increaseB with increase in nickel, and the change of 
form bj pressure decreases with increase in nickel up to 16 per cent." 
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Steel with 18 per cent, nickel and 0.60 carbon ia perceptibly 
Boftened by heating and quenching; but if heated to rednCBS 
and forged on the anvil till cold, it attains the same elasticity 
as a higher-carbon steel quenched in the usual manner. The 
18 per cent, nickel^teel can readily be worked hot, but is ex- 
ceedingly hard to punch and press cold,* 

Steel with 25 per cent, nickel is very much softened by heat- 
ing and quenching, and can be worked cold almoBt eb readily 
as German silver.* 

As the 18 per cent, nickel-steel is silvery white in color and 
has a soft luster, more reaembling silver than steel, this alloy 
is particularly useful for table-ware and cutlery. For this pur- 
pose its non-corrodibility gives it a great advantage over sim- 
ple steel, and its temper and hardness make it superior to Ger- 
man silver. 

An alloy of 3 per cent, nickel-steel with tungsten, and con- 
tfuning over 2 per cent, carbon, forms a self-hardening steel, 
similar to Mushet steel, with the advantage that it can be 
forged at the same heat as ordinary tool-steel.* 

HydravUe Cylinders. 

The enormous power applied in the hydranlic compression 
of armor-plate and heavy ingots demands the use of exception- 
ally strong material in the cylinders. Kickel-steel has been 
very successfully used for this purpose at some of the largest 
forges in this country and Great Britain. 

At the Parkhead forge, in Glasgow, a cylinder for a 12,000- 
ton hydraulic press was cast of nickel-steel. It weighed, as 
cast, 14S,860 pounds, and was 72 inches in diameter. The 
machined cylinder weighed 76,160 pounds and ehowed an 
elastic limit of 56,000 pounds, with a tensile strength of 92,200 
pounds per square inch.f 

At the Carnegie Works, at Homestead, Pa., it was discov- 
ered in 1896 that the iive-piece cylinder of the 10,000-ton forg- 
ing-presB was developing a crack. As the makers could not 
replace this cylinder in less than eleven months, it was hastily 
decided to cast a cylinder of open-hearth steel, uaing enough 

* H. J. Williams, Damawos Steel Co. PriTtXe communicatioD. 
f Wm. Beardmore, "Nickel- Steel," Ina. Nawi. Arth., April, )8Q7. 
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nickel to insure maximum strength. A hollow ingot, of 0.25 
carbon, with 6 per cent, nickel, weighing with the einkhead 
140 tons, was suceeesfully oast. This is believed to be the 
largest hollow easting of nickel-steel yet produced. Consider- 
able difficulty was experienced in erecting machinery of suffi- 
cient size to handle such a casting, but an impromptu lathe 
was finally erected, and the ingot was turned to the finished 
shape, in which it weighed 90 tons. This cast cylinder has 
now been in use for nearly two years and shows no signs of 
wear. It withstands an interior pressure of three gross tons to 
the square inch, and is undoubtedly the largest casting yet 
made of nickel-steel for hydraulic cylinders.* 

Jtifles and Small Arms. 
The specifications for the Lee straight-pull riflee, supplied to 
the U. B. Government, read in part as follows : 

"The materinl of nhich the barreU are made must be forged or rolled steel, 
oil-teiupend and then annealed, and Bhowing, on 2-inch specimens of standard 
form, an elastic limit of at least 80,000 ponnds per square inch, and an elongation 
of at least 20 per cent. The ahove requirements can be met bj iin open-hearth 
steel containing about 4.5 per cent, of nickel ; and such steel vill t>e preferred." 

The high ratio of elastic limit to ultimate strength conferred 
upon steel by the addition of nickel constitutes its chief merit 
for this purpose. No matter what the arm be, from revolver 
to hundred-ton gun, it is very desirable that the strength 
thereof should be available strength. In simple steel, annealed 
and tempered, the elastic limit of the metal is about 60 to 70 
per cent, of the ultimate; that is to say, the gun-barrel may be 
deformed by a strain not much over half that required to pro- 
duce rupture. For accuracy and safety it may be said that de- 
formation is fully as undesirable as destruction of the piece. 
Any means whereby the amount of available strength in the 
weapon can be increased, and the useless strength and dead 
weight thereof can be decreased, is a boon to the manufacturer 
of arms and ordnance. 

The Societe Cockerill at Seraing, in Bel^nm, requiring for 
artillery and munitions of war a metal of very high elastic 
limit, and with sufficient malleability and ductility to insure its 

t E. F. Wood, Carnegie Steel Co. Private 
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working with ease, their engineer, Mr. Moulan, began five or six 
years ago to experiment with alloys of nickel and iron. Among 
other alloys, one of 7.6 per cent, nickel in pure homogeneous 
iron was produced. This metal seemed bo nearly to fulfill the 
requirements that complete tests were made for comparison, 
both with iron and hard steel. 



Table XXXVL— Tests of Ferro-Nickel, Iron and Steel. 

(BecalcuUted bjH. E. Landis.) 



1. In. 



Ferro-nickd. 

Kot tampered 

Tempered at 900° C. in waMr.. 
Ditto, aDd annealed at 500" C. , 

Tempered at SOO" C in oil 

Ditto, and annealed at fiOO" C . 

Homogeneoiu /ran. 

Not tempered 

Tempered at 900° C. in water- 
Ditto, and annealed at 51)0" C 

Tempered at 900° C. in oil 

Ditto, and annealed at 600° G, 

Jfard aefi (0.55 C). 

Not tampered 

Tempered at 900° G in water.. 
Ditto, and annealed at 500° C. 

Tempered at 900" & in oil 

Ditto, and annealed at 5i.0° C, 



35,270 
04,300 
69,450 
55,750 
49,790 

16,500 
25,600 
16,780 
22,a00 
20,760 



70,389 
142,000 
117,000 



29,870 
4t),900 
39,000 
44,96u 



73,400 
76,000 
114,000 
10I,SOO 
112,000 



178, .500 
118,000 
I42,2U0 
12u,000 

63,900 
69,100 
70,500 
62, too 
64,200 

122,000 
105,ilOO 
143,500 
132,800 
150,760 



As will be seen from these tests, all the advantages are on 
the side of ferro-nickel. This alloy, after oil-temperiug and 
annealing, shows an elastic limit of 90 per cent, of the ultimate 
strength ; while in the hard steel the same treatment raised the 
elastic limit only to 74 per cent of the ultimate. In practice 
this means that, of the total weight of a gun-barrel, 36 per 
cent, is, in the case of carbon-steel, useless weight ; while in 
ferro-nickel only 10 per cent, of the weight is unavailable in 
action. Since these tests were made, Mr. Monlan has used 
ferro-nickel alone for field-pieces and artillery-equipment.* 



• Slahl uttd EUen, 1896, viL, 
dvxtriee and Iron, Nov. 2, 1894. 



1. 346 ; Rai, Univ. lUs Minee, i 
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Resistance Wire. 

The high electrical resistance of alloys of iron with 25 to 30 
per cent of nickel has led to its use in electrical machines in- 
stead of German silver. " Tico " resistance-wire, made by the 
Trenton Iron Company and containing about 28 per cent of 
nickel, is largely used for resistance-coils in rheoatate and elec- 
trical heaters. It has considerable advantage over German 
silver in having three times as much resistance, and retaining 
its strength and elasticity even aiter heating to bright redness. 
No. 14 B. k S. Tico wire averages 8 feet to the ohm of resist- 
ance ; the same size of Geman-silver wire requires in practice 
25 feet to the ohm.* 

A similar resistance-wire, known as " Climax " wire, contain- 
ing about 24 per cent, of nickel, is made by Boebling's Sons 
Co. This wire has a specific gravity of 8.137, a resistance per 
mill-foot at 75° of 504.86 ohms, and a temperature-coefficient 
of 0.042 per cent, per degree F. 

Another nickel-iron resistance-wire, made in Germany, and 
containing about 29 per cent, of nickel, has specific gravity 
8.4; specific resistance at 20° C. (68° F.) of 86 microhms; a 
coefficient of temperature of O.OO065 for 1° C, and a resistance 
per mill-foot of 517.5 ohms. 

The specific resistance of German silver is on the average, 
at 20° Centigrade, 31.5 microhms. 

Owing to their high percentage of nickel, these wires are 
nearly incorrodible, and, owing to their high tensile strength, 
they are much less liable to break than German silver. After 
repeated heating and cooling, German silver becomes brittle, 
while nickel-iron alloys seem to retain their original elasticity. 

Miscellaneous Uses, 
There are a number of purposes in which nickel-steel ie used, 
but concerning which commercial rivalry prevents the publica- 
tion of reliable data. For locomotive fire-boxes, boiler-braces 
and stay-bolts, bicycle-spokes and chains, torpedoes and torpedo- 
nets ; incandescent lamp-mantle hangers ; rolls for tubing and 
for planished sheets ; boiler-tubing, revolvers and small-arms ; 

r. J. Private cominuni- 
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safety-deposit vaults ; bobbin-Bpindlee ; teeth for cotton-pickers, 
and for a great variety of purpoaea for which some peculiarity, 
either of Btrength, ductility or incorrodibility, gives it especial 
fitnesB, nickel-steel is rapidly making its way into popular 
favor. 

The peculiar electrical and thermal coefficientB possessed by 
the alloys of steel with high percentages of nickel, suggest nu- 
merous uses in electrical appliances and instruments of pre- 
cision. All the nickel-steel alloys are remarkably homogeneous, 
easily worked and susceptible of a high polish. 

M. Zetter, director of the French Electrical Equipment Co. 
(Compagnie Fran^aise d' Appareillage Mectrique), has made nu- 
merous experiments on the nickel-steels which lose their mag- 
netism on heating and 'recover it on cooling. He has used 
these metals in the manufacture of circuit-breakers, automatic 
fire-alarms and other instruments, in which an electric circuit 
is broken by a rise of temperature, produced either by the 
heating eft'ect of the current or by an external source of heat. 
He finds these instruments to act with regularity and accu- 
racy,* 

M. Dupriez suggests that as the temperatare at which mag- 
netism is lost and regained in nickel-steel is a regular function 
of the amount of nickel present, the 30 per cent, alloy which 
loses magnetism at 100° C. and regains it 50° may he utilized 
in the construction of a thermo-electric machine for the direct 
conversion of heat into electrical energy.f 

From Table XXXVII, showing the effect (rf varying amounts 
of nickel on the coefficient of expansion, it will be seen that the 
coefficient falls from 28 to 36 per cent., and then rises again. 
At 36 per cent, the expansion is only one-tenth that of plati- 
num. Platinum expands about 1 part in 208,800 for a rise of 
one deg. F. The 36 per cent, nickel-alloy expands 1 part in 
2,049,000 parts. 

Expressed in the usual way, temperature being read in de- 
grees Centigrade, the expansion-coefficients of some of the 
common metals are : 

* Quillaame, " Lea Aciere au Nickel," Oompla Bendvt, March, IS98. 
t M. Marcel Dapriez, Bee. Qen. eUe &t«ieM, Feb. 15, 1898. 
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Table XSXVJI.—Goeffidenls of Expansion. 

Brass. 0.00001878 

Copper, 0.00001718 

Softiteel, 0.00001078 

HudstMl, 0.00001239 

Nickel 0.00001252 

26 per cent nickel-«t«el 0.00001312 

28 " " 0.00001131 

2?.7 " " 0.00001041 



34.6 " " ....... 0.00000137 

36.6 " " 0.00000087 



0. 00000537 



PlatiauiD, 0.00000884 

Glasi, 0,00000861 

From this table it will be seen that a nickel-steel alloy may 
be made to have a coefficient of expansion which may vary 
within wide limits. Alloys of the same expansion as glass 
may be prepared, either with about 29 per cent, nickel or 
witli about 45 per cent, nickel. For all lena-mounte, telescopic 
and microscopic, and in general for all optical purposes where 
glaas and metal are brought in contact, these alloys have a wide 
field of usefulness. 

For instruments of precision in which extreme accuracy is 
desirable, the 36 per cent, nickel-steel may be used to great ad- 
vantage, instead of brass. It expands and contracts with 
changes of temperature only one-twentieth as much as brass ; 
is very much stronger and more rigid, and hence allows a re- 
duction of weight in the instrument; and, as it is very much 
less affected by moisture and corrosive gases, and retains a 
silvery color and polish under adverse circumstances, its ad- 
vantage for scientific instruments is very evident. 

In mercury-pendulums or compensation-pendulums, the 
weight of mercury or the length of the compensation-bars 
can be greatly reduced by the use of the 36 per cent, nickel- 
steel; and by replacing a common pendulum with one of this 
alloy, the daily variation due to temperature will be diminished 
in the proportion of 12 to 1. 

The iucorrodibility of nickel-steel points out its useful- 
ness in pumps, mine-cables, wire-ropes used near roasting- 
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furnaces, and all other situatione where neceaeary exposure to 
corrosive liquids or gases renders simple steel unserviceable. 

V. — Cost op Nickel-Steels. 

At the present cost of nickel — 33 to 36 cents per pound — 
each percentage of nickel adds one-third of a cent to the cost 
per poDud of steel. The usual addition of 3 per cent, nickel 
increases the cost of the raw metal 1 cent per pound. After 
the steel is cast, the alloy costs no more to work than simple 
steel, excepting the slight additional cost entailed by keeping 
nickel-steel scrap in a separate stock-pile. 

Finished forgings for moving parts of engines vary in price 
according to the intricacy of the pattern; and in simple steel 
forgings the cost may run from 3 or 4 cents per pound up to, 
and even over, 50 cents per pound of finished product. The 
use of nickel-steel for fine shafting, eonneeting-rods, crank- 
and cross-head pins, may increase the cost 15 to 25 per cent. 
over the figures for simple steel forgings. The increase iii 
efficiency varies with the amount of carbon present, and runs 
from 40 per cent, in the soft steels to over 60 per cent, in the 
hard steels ; while in the case of very hard tool-steels, the efiect 
is said to be much greater. 

As this gain in efficiency may be utilized either to decrease 
the weight of the part, or to increase the amount of work done, 
the net saving ettected by the use of nickel is very evident, 

Capt. W. H. Jaques, U. B. N., writing in 1895, estimated 
that even at the then comparatively high price of nickel, there 
would be a saving of §64,000 in the item of armor alone for 
each of the British battleships, if nickel-steel carbnrized armor 
were substituted for the plain steel Harvej'ized armor-plate 
which it was proposed to use. 

For hull-plates of large steamships, the use of njckel-steel 
would efiect a large saving in weight and displacement, and the 
increased freight- or coal-capacity gained thereby would add a 
large percentage to the efficiency and earning-power of the 
vessel. 

VI. — Manufacture of Nickel-Steels. 

Nickel melts at about 1650° C, a heat a little above that of 
molten steel. The nickel-steel alloys melt, however, at the 
usual temperatures. Nickel cannot therefore be added in.the 
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ladle, aa maj be done with spiegel or aluminum, but must be 
alloyed directly in the crucible or open hearth. It may be 
used either as oxide or &b metal. The dry oxide, when pure, 
contains about 77 per cent, of metal. The usual method of 
adding nickel, ae oxide, in the open hearth, is to enclose the 
oxide in a rough box of wood or iron, with sufficient charcoal 
to reduce it to metal. This is placed upon the hearth, scrap- and 
pig-iron are added, and the charge is worked in the usual way. 
The use of metallic nickel is, however, to be preferred, ae the 
loss by slagging is not so great. In open-hearth work the lose 
is estimated as the same as that of iron, viz., 7 to 8 per cent, of 
the charge. 

In crucible-work metallic nickel atone should bo used; and 
the loss in this case is very little. The nickel is udded in the 
crucibles with the rest of the trharge. 

In working nickel-steels care should be tiiken to avoid chill- 
ing the metal. It is extremely sensitive to sudden, even though 
slight, changes of temperature and careless handling. Con- 
tact with wet or cold ground, exposure to rain, or any other 
sudden chill may canse a surface-hardening that will interfere 
with proper working. 

In hammering, rolling, pressing or wire-drawing, less draught 
should be given than with simple steels of the same carbon. 
In general, soft steels containing nickel should be treated like 
high-carbon steel. Once the metal is cold, it can be depended 
upon to resist rough handling and unskilled treatment, hut 
while hot it should be treated with the care and respect due to 
a metal of such unique properties and phenomenal possibilities. 

VII. — Makers in the United States. 

The Carnegie Steel Co., the Bethlehem Steel Co. and the 
Midvale Steel Co. manufacture large amounts of open-hearth 
nickel-steel for the United States government and for private 
trade. These firms possess large experience, and every me- 
chanical facility for the manufacture of nickel-steel in any 
quantity or shape desired. 

The Carbon Steel Co., of Pittsburgh, makes a specialty of 
open-hearth nickel-steel for engine-forgings, locomotive-parts, 
boiler-sheets and stays, and fire-boxes. 

The Crescent Steel Co., of Pittaburgh, deals more exclusively 
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with crucible-steel, and produces special grades of hard or high- 
carbon steel for tools, hammer- and piston-rods, etc. Fig, 14 
shows the interior of these works. 

The Damascus Steel Co., of Pittsburgh, makes a specialty of 
steel containing large percentages of nickel for cutlery, bicycle- 
spokes and chains, and extra-bard tool-steel for lathes and 
planers. It produces also a self-hardening nickel-alloy resem- 
bling Mushet or tungsten steel. 

The Pope Tube Co., of Hartford, Conn., manufactures nickel- 
steel tubing for bicycles, and possesses every appliance for the 
prodaction of nickel-steel tubing for light boilers, gas-engines, 
and all kinds of motors. 

The Trenton Iron Co., of Trenton, N. J., manufactures 
" Tico " wire, a high-grade nickel-steel wire, for heaters and 
resistance-wire ; and 

The John A. Roebling Sons Co., of the same place, manu- 
factures and sells a simitar product, under the name of the 
" Climax Resistance Wire." 
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